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DIGITAL COMPUTER PROGRAM FOR ANALYSIS OF CHUGGING INSTABILITIES
by John R. Szuch

Lewis Research Center

SUMMARY

A digital program, designed to generate chugging stability limits for bipropellant
rocket engines, has been developed and is described herein. The program is written
in FORTRAN IV language for use with the IBM 7094 computer, The program computes
combustion delays, gas residence time, characteristic velocity, and other steady-state
parameters required for solution of the characteristic equation. The characteristic
equation is solved by the computer for critical values of the injector pressure drops and
the chugging frequency. Stability limits have been generated for a specified flox-methane
engine system. Results have been obtained for two injector configurations. For each in-
jector configuration, limits for throttling at constant mixture ratio and the effects of
varying the fuel injector area on stability were determined. Digital results were com-
pared with available analog data to test the program. For both injector configurations,
the predicted throttling limit was about 5 to 1 because of higher frequency (500 Hz) insta-
bilities, characteristic of the chugging model. Typical computer listings and printouts
of results are presented.

INTRODUCTION

One of the problems often encountered in the development of liquid-propellant rocket
engines is the occurrence of low-frequency instabilities, commonly referred to as chug-
ging. Chugging is caused by a coupling of the propellant feed system with the combustion
dynamics in such a way as to reinforce any disturbance in pressure or propellant flow.

Many analyses of chugging have shown that the controlling factors in determining
low-frequency stability are the time delays associated with the atomization, vaporization,
and combustion processes. Without these delays, the chamber-injector-feed system
would be inherently stable.

The validity of a double-dead-time model (ref. 1) in analyzing chugging has been
demonstrated in references 2 and 3. Previous analyses involved the use of a single-



dead-time model (ref. 4) with combustion delay, calculated for the propellant having
the longer drop lifetime, applied to both propellants. The double-dead-time model re-
quires the application to each propellant of its respective time delay and results in sig-
nificantly different stability characteristics. Experimental data, reported in references
2, 3, and 5 to 7 have been matched using the double-dead-time model.

The implementation of chugging models has traditionally been done on the analog
computer. However, as the models became more sophisticated and as engine configur-
ations and propellant combinations changed, the need for a high-speed digital stability

program became more evident.

A digital program, designed to generate stability limits for bipropellant rocket en-
gines, has been developed and is described herein. The program was written in FOR-
TRAN IV language for use with the IBM 7094 computer. Linearized feed-system im-
pedances are evaluated by the program at each frequency of interest. In addition to
chamber and injector flow dynamics, the program can handle combinations of pumps,
valves, manifolds, and lines. For any selected engine configuration, the program com-
putes the required steady-state engine parameters for solution of the characteristic
equation. Available vaporization (ref. 8) and drop-size (ref. 9) correlations are used
to calculate combustion delay times. The characteristic equation is solved by the com-
puter for critical values of the injector pressure drops and the chugging frequency.

Stability limits have been generated for a specific flox (82. 6 percent fluorine) -
methane engine system. An expander cycle with a turbine-bypass throttle has been
assumed. Results have been obtained for two candidate injector types. For each injec-
tor configuration, limits for throttling at constant mixture ratio and the effects of vary-
ing the fuel injection area on stability were determined using the digital program. Digi-
tal results were compared with available analog data to test the program and the lineari-
zation procedures.

Although the existing computer program is designed for the case of a completely
vaporized fuel, the program is easily modified to handle liguid-liquid propellant com-
binations. The steps required for this modification, together with other aids to the user,

|
|

are included in an appendix to this report.

ANALYSIS

Derivation of Characteristic Equation

The combustion process in a bipropellant rocket engine is still not clearly under-
stood, although what takes place is qualitatively known. Figure 1 shows, schematically,
the assumed model for a bipropellant rocket combustor. Initially, the propellants are




P Pe

ci

|
i At

II

Fuel injector Wit

a ed system

nd feed syste éAtomlzatlon AW .
vaponzatnon Assumed b W
mixing, and dlsturbance
burmng

Oxidizer injector

and feed system w/ /,\

\S B - SO AN
Cylindrical combustion  Conical
chamber convergent

nozzle

Figure 1. - Schematic of bipropellant combustor.

injected into the combustion chamber. The propellants then atomize, vaporize, and
mix; they then react to produce hot gases. Their flow rates are determined by the con-
ditions upstream and downstream of the injector element and the injector geometry.
These processes are gradual and continuous. For mathematical expediency, however,
they are treated in a discontinuous manner. A time interval between injection and a sud-
den conversion to vaporized propellant is assumed and referred to as the vaporization
time delay 0y The time interval between the conversion to vaporized propellant and
the conversion to burned gas is similarly referred to as the gas-phase mixing delay O
For this analysis, the time delays are assumed to be invariant with time. With these

assumptions, the following equations relate the rate of change of burned products to the
injected propellant flow rates:

V.Vob(t) = V.Vio(t - 040~ T (1)
W (t) = \izif(t -0 - 0p) (2)

(All symbols are defined in appendix A.)
If the burned products behave as a perfect gas,

R.T
P (1) = (-g—) W, (1) (3)
v
C

Assuming a small disturbance in the rate of change of burned products A\:Vb and using
the conservation of mass yields



d . . . .
< (W] = Wap(t) + rg(®) + AW (1) - i) (4)

For a choked nozzle,

. _ Pc(t)Atgc
it = =L (%)

Equations (1) to (5) can be combined to give the following equation relating total pressure
at the nozzle throat to the injected propellant flow rates and the disturbance:

A% P (1) _ _
¢ IS |.p - c*(t) [v'vio(t - Tipg) + Wiglt - O + Av'vb(t)] (6)
Ag, dt Ry T (8 Ag,
where
970 = Vo * "m

Tf = Vi T “m

Equation (6) is nonlinear and must be linearized to obtain the desired analytical solution.
Equation (6) was linearized by assuming small perturbations in the system variables
about a steady-state operating point and neglecting products of perturbations:

~

_ ap W+ W
* ) o~ > - .
c c(t) [wio(t Opo) + W, f(t - GTf) + Awb(t)] + <._:.g.__f) c*(t)
t°c

== Po() =
[¢]
Ag (R T), dt Ag,

i L (R (7)
g
t c (R T)

The coefficient E*/[Atgc(ﬁéﬁ)c] is the gas-residence time ?g and is invariant with
time. It is generally accepted that for small perturbations from steady state, the cham-
ber temperature T c remains nearly constant. Therefore, the last term on the right
hand side of equation (7) was set equal to zero. Equation (7) is then rewritten as

S
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X ~ — ~ — N W+ Wf ~
- [Wio(t - Opg) + Wiglt - o) + A""b(t)] + <—i—t;:—>0*(t) (8)

_ dap ~
eg _clt), P.(t) =
dt i8¢

The theoretical characteristic velocity c;‘h is a known function of the chamber mix-
ture ratio; that is, '

ek (B = @[% (t)] (9)
_ ‘.'vio(t - ET() - Wob(t) (10)

Q)= ,
F wif(t - ch) wfb(t)

Linearization of equations (9) and (10) yields the following equation relating perturbations
in c:h to perturbations in the injected propellant flow rates:

o =_1_?it1$. (t-o )_i(§) acth et - T (11)
th W o io To .\F 0 if Tf
£ a<_ £ (@
F F

Assuming that the actual characteristic velocity c*(t) is related to the theoretical value
by a time-invariant efficiency,

c*(t) = nx i) (12)
equations (8), (11), and (12) can be combined to yield

S G G
+ Pc(t) = Xwio(t - 0o * rwif(t - an) + Awb(t) (13)

0
g dt Atg c




where

_ Mk | = oc
X=—CJex +|(O)+1 th (14)
th F

— M |- 3 acy;
e SCOR

The Laplace transform of equation (13) is

- ~ o~ “Om S __~ OmeS =k

6.5+ 1P (9 =Fw, (e T° +Fw. (e I 4+ aw (8 (16)

g c io if Ag b
t°c

In general, the perturbations in the injected propellant flow rates can be related to
the perturbations in the chamber pressure at the injector face Pci by

Wio(8) = - =P (5) (17)
sol

Wi((S) = - . 1f(s B(9) (18)
s

where ZSO(S) and Zsf(S) are the linearized output impedances of the oxidizer and fuel
feed systems, respectively. The impedances are evaluated at the injector face and in-

clude the impedances of the injector, valves, pumps, etc.
The chamber pressure at the injector face Pci and the chamber pressure at the

throat Pc can be related by considering the time rate of change of momentum of the
flow between the injector and the nozzle inlet. By equating the pressure force and in-

ertia force on the gas, one obtains

(19)




where Pei and p, are the static chamber pressures at the injector face and nozzle in-
let, respectively. Equation (19) may be written in terms of the Mach number such that

- =2
Pei 1 +7cMe (20)
P T2

c 1+ ycMci

By definition, the total pressures Pc and PCi are related to the static pressures p,
and Peis respectively, by

Yo - N\_
P, =D, 1+< cz )Mg (21)

Ve~ N2

Combining equations (20), (21), and (22) and assuming that M. ; is small (large
chamber) results in

By assuming that the pressure ratio -IEC is time-invariant and that there is no total
pressure loss in the converging section of the nozzle, equations (16), (17), (18), and (23)
may be combined to yield the following transfer function:

C*
P  Ag (24)
AW, (S) XK -0m. S FK -OrmeS
b GgS +1+ € To e Tt
Zo(S Z 4+(8)



The transfer function describes the response of the total pressure at the nozzle inlet Pc
to the disturbance in the rate of change in burned products Awb.

The characteristic equation, describing the stability of the bipropellant system, is
obtained by setting the denominator of equation (24) equal to zero. The result is

XK, -0p,8 TFK, -0pS
Z_(8) Z (S)
_1=-_809 st (25)
6,8+ 1

It can be shown that equation (25) applies regardless of where the disturbance is intro-

duced into the system.
Figure 2 is a block diagram of the linearized bipropellant system described by equa-
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Figure 2. - Block diagram of chugging model for general bipropellant engine system,

tion (25). If all of the roots of equation (25) have negative real parts (S= X + jw, X < 0)
the system is stable. The first appearance of a root on the imaginary axis (S = jw) de-
fines the boundary of stability.

Solution of Characteristic Equation

By separating the impedances ZS and Zsf into their respective real and imagi-

(0]




nary parts and letting S = jw, the characteristic equation (eq. (25)) can be separated to
give

1 Ty cosun) - KK, S, sinluing TR, contuyy) - FF, 4 sy
2 2 2 2
2o+ 75 R+ I
(26)
5 = FBe So COSWIR) + XK, &y sinwopy) FK, sy cos(wory) + FR &y sin(woy)
g #2 + .12 22+ S 2
o o) f f
(27)
where

Ry +1 S = Zg(iw)
Ry +1 5 = Zgliw)

Specifying angular frequency w allows equations (26) and (27) to be solved for two
selected critical parameters. The real parts QO and .Qlf were selected because they
could be related to the injector flow resistances d AP/dw which are independent of fre-
quency. Specification of a parameter other than frequency requires the iterative solution
of transendental equations involving frequency.

Appendix B outlines the steps required to solve equations (26) and (27). The pro-
cedure followed results in the following quadratic equations relating the critical value
of the real part of the oxidizer impedance Q'O(w') to the imaginary parts of the feed
system impedances Jo(w') and ;f(w') (the engine gains, delay times, imaginary parts,
etc., are evaluated at the selected operating point):

02 _ _ _ 2XS
(1 + ! 9g> + g?;) —XKc sin(w‘cho - w'O'Tf) - _?_

St

221 -
o FK,

X [cos(w'oTo) - w'eg sin(w'aTo)]} + JgY - JOXKC COS(w'FTO - 0, f)

T
= > — 52 — %o
2Xs S, _ _ - S 92\ JfX'K
+— 92 f [sin(w'oTo) + w'eg coS(w'UTo)] - _f_ ° (1 r w2 9;) - # =0 (28)
F FK, F



ciziains

where

Y= w‘Gg cos(w'GTf) + sin(w'ch)

The solution of equation (28) is used to compute the corresponding critical value of
the real part of the fuel impedance 91%. The equation, which is derived in appendix B,
is

A — - ~r e . —
1 Qow'e +S - XK, s1n(w'0To)

g B e

x; Fﬁca; sin(w'BTf) - —F70§C cos(w'ETf) - i—fcjf cos(w’ETo) + w'—égjo}‘f - 7f A
(29) )

The values of 9?:) and 9?%, which satisfy equations (48) and (29) at frequency w’,
must be related to the physical injector and feed systems being studied. In addition, the
imaginary parts ;0 and 7f must be computed for the particular feed system and
operating point at each frequency before solving equations (28) and (29). The discussion
of how this is done is contained in the next section.

Evaluation of System Parameters

The primary function of the computer program is to test the stability of a specified
engine configuration operating at a selected thrust level or chamber pressure Pc. The
program may be used to study the effects on stability of changing the engine geometry at
fixed thrust, throttling the engine with fixed geometry, or combinations of both. Regard-
less of the type of study, solutions of equations (28) and (29) to find the critical feed sys-
tem impedances 5?'0 and .9?% require prior calculations of the system parameters at
the specified operating point. These calculations are carried out by the computer pro-
gram.

Engine gains. - The oxidizer and fuel gains X and F, respectively, are computed
using equations (14) and (15). A curve of the theoretical c* against mixture ratio for
the specified propellant combination is required. For this study, equilibrium properties
are used with the propellant temperatures equal to full thrust values. Although a dynamic
sensitivity of c’%‘h to only mixture ratio is assumed, a static sensitivity to both mixture
ratio and chamber pressure is used to determine the steady-state value of E?h' The
digital program computes both ackh and 552‘;/5(67?5 for known values of T)c and O/F.
Required input information also includes the throat area At and combustion efficiency

10



1—70*. The parameter 770* is computed at each operating condition and a discussion of
the calculation follows.

The chamber momentum loss parameter I_(c is calculated using equation (23). The
specific heat ratio —;’c is determined from specified values of T’c and O/F. The Mach
number at the nozzle entrance Mc is calculated from

= 1/ 2
.,
€c

C

(30)

+1

>(§c+1)/z<¥c-1>

Y

where €. is the nozzle contraction ratio or Ac/At'

Combustion efficiency. - The combustion efficiency 7;(:* is a measure of the degree
of mixing and vaporization of the propellants within the chamber and nozzle. Work de-
scribed in reference 8 was directed at relating the efficiency due to incomplete vaporiza-
tion ﬁvap to the chamber geometry and operating conditions. For that study, perfect
mixing of propellants was assumed. It is here assumed that

Mex = MyapTmix (31)
The following equations were derived in reference 8 to compute 77vap:
R 5, o5
_ F\r 0wo+.9'wf (32)

nvap = = - —
g(9> Wo * W
F

where
0 fraction of oxidizer mass vaporized within chamber nozzle; function of den o
b

& fraction of fuel mass vaporized within chamber nozzle; function of lgen £

9 functional relation of cz‘h and mixture ratio

and where de is a generalized length parameter

n

11



= 0.66
P
[
7 [ e . 0.837, (2.07><106> (33)
gen, o B N

0.44 0.22,,0.33 — \0.4, = 1.45 = . 0.75 0.35, . 0.8
€. €Y 1. T, r, <vo > (_"!_9) H,
Ter,0/ \7.62x1075 80.5 100 3 5

. 26X%10

3 \0.66 (34)
N
T n i Lo, 083ty o <2.07><106> _ o
0.

0.44 _0.22,0.33 = \0.4/ = 1.45,- \0.75, ,,0.35 0.8
¢ Y LT Iy < Vi > (ﬁ) Hy
Ter,t 7.62x10” 30.5 100 5

3. 26x10

Calculation of the generalized length parameter for each propellant requires knowl-
edge of the propellant drop radius T. For liquid-liquid systems, the drop radii are
usually assumed to be only functions of the injection element sizes (ref. 8). Experi-
mental data presented in reference 9 for concentric tube injectors with gaseous fuel in-
jected through the annuli indicated that the mean oxidizer drop radius T

o is also pro-
portional to the square-root of the injection momentum ratio; that is,

_ WV
ro=K.d[-2° (35)
Wevs

(concentric-tube injector, gaseous-fuel).

Using experimental data presented in references 2, 3, 5, and 7, a proportionality

constant Kr of 0. 118 was calculated for liquid-oxygen droplets. However, references
8 and 10 indicate the following effect of propellant properties on drop size:

(e

where

u  viscosity of liquid

]

P

surface tension of liquid

density of liquid
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To compute the drop radius for propellants other than liquid oxygen, the experimen-
tally determined proportionality constant (Kr = 0. 118) must be modified to include the ef-
fect described by equation (36). The resultant expression for the drop radius of any
liquid oxidizer droplet, injected through a concentric element with gaseous fuel injected
through the annulus, is

0.25,= = \0.5
5o“opo, 2 Wo'o (37)
06, 2o, 2P0 WVe

r,=0. 118 d,

For this study, concentric tube injection with a gaseous fuel is assumed with the
drop radius from equation (37) used in equation (35) to calculate the generalized length
for the oxidizer. For the gaseous fuel case, & is equal to 1.0 with the efficiency due to
incomplete vaporization of the oxidizer computed from

_ f’[ﬂ(%)] oo, 4%,

Tyap = A 2 (gaseous fuel) (38)
gKQ):I W+ Wy
F

where @& denotes the functional relation of c?‘h to mixture ratio.

Since the introduction of a swirl to the injected oxidizer stream will tend to enhance
the atomization of the oxidizer, equation (37) was multiplied by 0.448. This factor was
based on available unpublished data for injectors having swirl elements.

A suitable mixing model for calculation of 7_7mix was not available. Experimental
data would be required to allow the use of a mixing model such as the one proposed in
reference 11. For this study, equations (38) and (31) were used to calculate a value of
Nmix [TOM an assumed 7.4 and a calculated 7—7vap at full thrust conditions. This value
was assumed to be constant over the entire range of studies performed.

Combustion delay times. - The chamber gas residence time was computed from

specified chamber and nozzle geometry and combustion properties as follows:

Toalh [
Atgc RgT .

Many analyses of chugging (refs. 12 and 13) have shown that the most important fac-
tors in determining low-frequency stability are the time delays associated with the atomi-

13



zation, vaporization, and burning of the propellants. Experiments described in refer-
ence 13 were aimed at defining the static relation between dead time and variables such
as chamber pressure, mixture ratio, and injection velocity. The work described in ref-
erences 14 and 15 was based on a dynamic sensitivity of combustion delay to chamber
pressure and injection velocity, respectively. This study will consider only a static sen-
sitivity of combustion delay times to the operating conditions.

Studies reported in reference 16 equated the vaporization delay time oy to the time
required to vaporize 50 percent of the mass of an injected droplet. Time histories of in-
jected droplets (presented in ref. 8) indicate that the average droplet velocity over this
length is approximately equal to the injection velocity. Using this information enables
one to calculate the vaporization time delay from:

| o~

50 (40)
ip

o =
A%

< |

where ;i is the injection velocity of the propel&ant droplet.
The length required to vaporize 50 percent 150 is calculated by solving equa-
tion (34) for the chamber length . with the generalized length parameter equal to 0, 0699
meter (ref, 8), This value corresponds to a fraction vaporized € of 0.5 and applies
for all propellants. The nozzle term in equation (34) is neglected for this calculation.

The resulting expression for 150 is

=\0.4/ = 1.45 _ 0.8
€g.44< ) T> ( r > (V )0.75(_4_ 0.35( H )
Ter/ \7.62x107° 30. 5 100 3. 26x102

0.66

5o = 0.0699 -
PC

2. 07x10°
(41)

For the case studied, the vaporization time delay was computed for the liquid oxi-
dizer only. The gaseous fuel vaporization time avf was set equal to zero, since the
fuel is assumed to be completely vaporized before injection,

The gas-phase mixing and reaction delay o, Wwas related to the distance from the
burning zone l50 to the nozzle throat and the gas velocity at the nozzle inlet. Based on
stability data from references 2, 3, 5, and 7, the curve shown in figure 3 was generated

for

3 -—
102  +1_-1l:p)
-9 c_n 507 (42)
VC

(0
m
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Figure 3. - Gas-phase mixing delay based on experimentally observed chugging frequencies,

where the gas velocity ;c was computed from
v, = Mc\/gc(ngT)c m/sec (43)

and ¥ represents the functional relation.

Feed system impedances. - Solution of equations (28) and (29) requires evaluation
of the imaginary parts of the feed system impedances as functions of frequency. In addi-
tion, the critical values of 9?:__) and Q% must be compared with the operating point val-
ues to determine stability. Therefore, the computer program must, for a specified feed
system configuration, compute the real and imaginary parts of the feed system impe-
dances at the specified frequency w'. This calculation, in general, will involve (1) the
breaking up of the feed system into elements, each having a flow impedance Z; with
real and imaginary parts a; and Bi, respectively, (2) the manipulation of these ele-
ments (if necessary) into series and parallel combinations, and (3) the stepwise reduc-
tion of these combinations using conventional reduction techniques (ref. 17) to obtain the
real and imaginary parts of the feed-system impedance.

The resulting values for the series combination of impedances Zi and Zj (i.e.,

Zy =72 + Zj) are

Bk = Bi + B] (45)

15




For the parallel combination of Zi and Z,

i [Zk = Zizj/(zi + Zj)] the real and imag-

inary parts of Zk are

J
(ai + a’j)z + (Bl + B])z

o (a? + ,812) + (alzjflz) (46)

Q’k-’:

e o) 1)

(o4 +a)-+w +B)

(47)

Equations (44) to (47) form the basis for calculating the feed-system impedances at
the frequency of interest regardless of the feed-system configuration.

Using a lumped-parameter approach allows the liquid feed systems to be divided into
the following elements:

(1) Lossless lines having only momentum pressure drop. The flow impedance con-
sists of @ =0 and B = w!? /Agc, where 1 is the line length and A is the cross-sectional
area of the line. The electrical analog of this element is an inductance.

(2) Orifices and valves having no momentum pressure drop and flow impedance con-
sisting of o =2 AP/W and B =0, where AP and w are the steady-state pressure
drops across the element and flow, respectively. The electrical analog of this element
is a resistance.

(3) Storage volumes having a shunt impedance consisting of o =0 and
B = -Bgc/pr , where B is the liquid bulk modulus and V is the storage volume. The
electrical analog of this element is a shunt capacitance.

(4) A pump having no momentum pressure drop or storage. The pump is described
by a normalized pressure-rise characteristic; that is,

vy = 9oy
AP = K, i N2
p~ T1lpTpp (48)
o = Kop¥p
p
N
p

For the frequencies of interest, the pump speed is assumed to be invariant with
time, and the pump impedance consists of o = —Klpsz_l\_Ip(dd/p/dcpp) and =0, where

16




Np is the steady-state pump speed and dwp/dgop is the slope of the pump characteristic
at the operating point. The negative sign in the equation for ¢« arises from the fact
that the AP in equation (48) is a pressure rise, and the impedance d AP/dw is defined
in terms of a pressure drop. It should be noted that operation is usually limited to that
portion of the characteristic having a negative slope, giving an electrical analog of a
positive resistance.

Figure 4 is a schematic of the expander cycle engine to be studied. In this cycle,
the fuel passes through a cooling jacket, which surrounds the combustion chamber. The

Bypass {throt-
tling) valve
Cooling
L Fuel Fuel injector jacket
Liquid- . .
suction manifold
fuel tank line _4 and elements Combustion
chamber
/

) d nozzle
/ Oxidizer feed land nozzle —
Liquid Oxidizer e system including
oxidizer }=={ suction gﬁ'rﬂ'pze' OIF control, in-

tank line jector manifold,
and elements

Figure 4. - Schematic of bipropellant engine system using expander cycle,

fuel is vaporized in the jacket and is used to drive a turbine before being injected into
the combustion chamber. For the system shown, geared pumps are driven by the tur-
bine supplying high-pressure propellants to the feed system. A turbine-bypass valve
is shown; its function is to adjust the engine thrust by varying the amount of fuel
passing through the turbine (hence, speed). A control valve is located in the liquid oxi-
dizer system to maintain the desired mixture ratio in the chamber for all thrust levels.
To test the computer program it was decided to study two oxidizer feed systems
that would represent two degrees of difficulty in the evaluation of the oxidizer feed sys-
tem impedance. Figure 5 shows an impedance representation of the two systems con-
sidered for this study. Figure 5(a) shows a conventional single-orifice injector supplied
by a manifold volume (capacitance). The injector elements consist of several long in-
jection tubes (inductances) with pressure drop (resistance) controlled by orifices im-
mediately upstream of the injection tubes. The tubes are long enough to guarantee
steady entrance conditions at the chamber entrance. With a concentric-tube injector,
the injector tubes are surrounded by annuli through which the gaseous fuel is injected.
The oxidizer manifold is fed by a control valve (resistance) whose area is adjusted to
maintain the mixture ratio. A pump discharge volume (capacitance) is located between
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{b) Dual-orifice injector.

Figure 5. - Impedance representation of two oxidizer feed systems.

the pump (resistance) and the control valve. The pump is assumed to be fed by a tank
(battery) and a lossless suction line (inductance).

Figure 5(b) shows a dual-orifice oxidizer injector and feed system. The conven-
tional injection tubes and orifices are fed by two flow components. After discharging
from the pump into a pump discharge volume, the flow is split. The bulk of the flow
passes through a mixture-ratio control valve and into a secondary-flow manifold (capac-
itance) which in turn feeds several secondary (axial) orifices. The remaining portion of
the flow is collected in a primary manifold (The capacitance is lumped with the pump
discharge capacitance.) and distributed to a number of tangential orifices. For this
study, each axial orifice had three associated tangential orifices. The tangential flow
mixes with the axial flow in an annular chamber imparting a swirl to the injected flow
stream. The vortexing action of the tangential flow (ref. 18) maintains the swirl at ex-
tremely low thrust (flow) levels enhancing the mixing of the oxidizer stream and the
gaseous fuel. For a particular thrust level, the area of the axial orifices is adjusted
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statically in the computer program to satisfy the following assumed vortex character-
istic:

- 2 e

w P P

_5ec_ _9.45(_0Pd) | 4 52_9Pd _; 1359 (49)
ws Psec Psec

Appendix C outlines the evaluation of the real and imaginary parts of the oxidizer
feed systems shown in figure 5. At a particular operating point and frequency, the im-
pedance ZSo can be expressed as

-

Zso(jw') = .910 +jJO

2, = 2+ (w") f (50)

_.;'0 = w'b + #(w")

where

a  oxidizer injection orifice resistance 2 AP/w

b injection tube inductance

The iril_aginary part 70 is used in the solution of equations (23) and (24). The real
part .9?0 will be compared with the critical value Qz) resulting from the solution of
equation (23). By assuming that the injector geometry allows changes in the orifice
resistance a without affecting either the parameters required to solve equation (28)
or the rest of the feed system impedance ;(w'), the critical value of a can be found
from

al=a, - A (w?) (51)
where #(w') is calculated at the selected operating point as outlined in appendix C.
Although the same procedures hold for the evaluation of the fuel impedance Z sf?
some assumptions are required fo conveniently handle the system shown in figure 4. 1t
was physically realistic and mathematically expedient to assume a choked turbine and
bypass valve. Assuming steady conditions upstream of the turbine, the fuel injector
can be considered to be fed by a constant fuel flow. Since the fuel is vaporized in the
cooling jacket, the compressibility of the fuel must be considered in the evaluation of
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Z sf* The following equation can be used to compute the fuel flow rate through the in-
jector annuli for isothermal flow with low Mach number:

2 2 0.5

P - PO.
Wi = Ky A d (52)
T
£

The steady-state fuel injection velocity Vf, which is required for the calculation of drop
size, is computed from

%
Ve = (RgT)f ;——.Af (53)
Cl

Linearization and transformation of equation (52) yields

~ P..w ~ P .w ~
W o(S) = Uf \p.(s)-[—SLf \p (g (54)
if . . if —9 -9 ci
Pif - Pci Pj_f - Pci

For constant fuel flow into the fuel injector manifold, perturbations in the injector
manifold pressure can be expressed as

~ R T\ w,(S
v )i s

where

Tf steady-state turbine discharge temperature

Vf fuel injector manifold volume

Combining equations (54) and (55) and letting S = jw' yield
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_ _  B.UAS)-DP (8 7
Zojw') = By +jFp= L CL
sf f f V. (S)
Wit
_  PL-T
== (56)
P.iWs g
~ __1 P <RgT>
£ =l
w Pci v f J

The imaginary part :;f is used in the solution of equations (28) and (29). The real
part .Qf can be compared with the critical value .91% resulting from the solution of
equation (29), by neglecting the effects of changing R; (change in fuel annulus area) on
the imaginary part.

Critical values of the pressure upstream of the injection elements and the corre-
sponding ratios of pressure drop to chamber pressure are found from

_ a'w AP. a'w
P, =—2+ P oy -._° (57)
o 9 c1 P 2P

—_— ., =
_ —9 1/2 APif Pif - Pci
if = i

D 15 d _
B! (”foPc-Jchi - (58)

DIGITAL COMPUTER PROGRAM

A digital computer program, capable of generating stability limits over a wide range
of operating conditions and engine configurations, was developed. The stability program
was written in FORTRAN IV language for use with the IBM 7094 computer. The program
is structured to carry out sequentially the following operations: (1) Calculation, for a
specified chamber pressure and from given input data, of the steady-state frequency-
insensitive parameters required to solve equations (28) and (29), (2) calculation, for
each selected frequency, of the feed system impedances using the procedures outlined
in appendix C, (3) for each selected frequency, solution of equations (28) and (29) for the
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critical parameters # '0 and gl%, (4) translation of the parameters Q:) and QI% into
pressure drop ratios using equations (57) and (58) (If the results are non-negative, com-
pare with the steady-state operating values to gage the stability margin.) (5) repetition
of the preceding steps for each specified chamber pressure or changes in system param-

eters.

Steady-State Operating Point

Because of the una_\_railability of a suitable model for calculating Emix’ the overall
combustion efficiency Mok O flow rates at full thrust must be given. Other required
input data are (1) chamber, injector, and feed-system geometry, (2) propellant proper-
ties, (3) combustion properties for the specified propellant combination, (4) oxidizer
pump characteristic, (5) assumed fuel temperature, and (6) O/F control-valve area
against chamber pressure for the system shown in figure 4.

The program will calculate the steady-state frequency-insensitive parameters re-
quired for the solution of equations (28) and (29) in the following order:

(1) The propellant properties TO, ]0, and ﬁo are used to calculate the associated
terms in equation (34).

(2) The specified throat area, characteristic length L* = (Vc + Vn)/At’ contraction
ratio, and total length Zc + ln’ are used to calculate the geometric term in equation (34).

(3) For a selected chamber pressure Pc’ the fuel temperature and O/F control-
valve area are calculated using supplied characteristics.

(4) For the selected chamber pressure and specified mixture ratio, 'E,:‘h is com-

puted from input data,

(5) At full thrust, the overall efficiency o % is computed from chamber pressure
and specified flows. At off-design chamber pressures, an assumed value of Mo (or
last computed value) is used to calculate flows.

(6) From selected chamber pressure and mixture ratio, 7_/0, ﬁc’ Rgc’ i‘__c, and ;c
are computed to allow calculation of chamber pressure at the injector face Pci from
equation (23).

(1) Using input data for the injector, the fuel velocity x_/f and fuel injector pressure
Pif are calculated from equations (52) and (53), and oxidizer velocity and injection ori-
fice pressure drop are calculated assuming a square-law characteristic.

(8) Using input data for the oxidizer feed system, the steady-state pressure drops
across the O/F control valve and dual-orifice elements (if required) are calculated.
The program iterates to find the axial-element size which satisfies the vortex charac-

teristic in equation (49) at the specified flow level.
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(9) The program computes the oxidizer drop size from equation (37) using the 0. 448-
swirler-correction factor, the burning length 750 from equation (41), the generalized
length lgen, o
from reference 8

from equation (33), the percent vaporized € from the supplied curve

s Myap from equation (32), and the oxidizer vaporization delay F;

from equation (40).

Vo

(10) At full thrust, -7_7mix is c?_mputed from Ec*/ﬁvap' At other chamber pressures
2 prev_iousl_y determined value of Mmix is used to compute the overall efficiency,

Mex = Mmixvap: If the new value does not agree with the assumed value in step (5) the
new value is used to recompute flows and repeat steps (7) to (10) until agreement is
reached.

(11) Steady-state values of Aiio/ic and A_lsif/l_)c for comparison with future com-
puted values of the critical ratios as defined in equations (57) and (58).

(12) The gas-residence time, —Bg from equation (39) and the gas-phase mixing delay
m from tabular data baseg on figt_lfe 3 are calculated.

(13) The engine gains X and F are computed from equations (14) and (15) with the
partial derivative of c’{h with respect to O/F calculated by the computer at the selected
chamber pressure and mixture ratio.

(14) The oxidizer and fuel-system element resistances, inductances, and capaci-
tances are calculated using the appropriate line geometry, manifold volumes, orifice,
and valve pressure drops, etc. From the calculated oxidizer pump discharge pressure
and specified inlet (tank) pressure, equation (48) can be used to solve for the required
steady-state pump speed. This speed value is then used to calculate the pump resistance
from the slope of the supplied pump characteristic.

(15) All pertinent information is written out.

Calculation of Stability Limits

After calculating all of the steady-state frequency-independent parameters re-
quired for the solution of equations (28) and (29), a range of possible chugging frequen-
cies to be studied must be specified. Experience has shown that a lower frequency band
extending from 3. 5/7 hertz (where r is the sum of the oxidizer-vaporization delay,
gas-phase mixing delay, and gas residence time in milliseconds) to about 4. 0/7 hertz
and a higher band extending from 8.7 to 12.0/7 hertz will generally enclose the solutions
of interest. Depending on the configuration and operating point being studied, solutions
in either or both of these bani. may exist. For the studies conducted herein, the solu-
tions within a band occurred at frequencies quite close together. For this reason a fre-
quency increment of 0. 1 hertz was chosen in both frequency bands.
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For the selected steady-state operating point and for each frequency of interest, the
following calculations were made by the computer program:
(1) Calculate the steady-state value of the imaginary part of the fuel impedance s f
using equation (56).
(2) Calculate the real and imaginary parts of the oxidizer impedance Eo and 70
using the reduction procedure outlined in appendix C.
(3) Calculate the remaining frequency-dependent parameters which appear in equa-
tions (28) and (29).
(4) Solve equation (28) for real solutions of .9?'0 and convert to critical values of in-
jection orifice resistance a' using equation (51). Disregard negative values of a’
(5) Using results from step (4), calculate the critical value (or values) of 9?,} using
equation (29). Disregard negative values of .9?%. .
(6) Convert results from steps (4) and (5) into critical values of injection element
pressure drop using equation (57) and (58).
(7) Store the results from step (6) together with the frequency and repeat steps (1)
to (7) for each frequency in the selected bands of frequency.
(8) Write out the results of steps (1) to (7). An ordering subroutine is included in
the program to write out the critical pressure-drop ratios (A—ﬁio/-lsc)' and (A_ISif/_I_’C)v
and the corresponding frequency in order of increasing (A-lsiffﬁc)'.
Both the steady-state and stability portions of the program are repeated for each
chamber pressure of interest and system parameter value. The existing program is set
up tostudy chamber pressures from 100 to 10 percent of the full thrust value and fuel
annulus areas from 25 to 200 percent of the design value.
For both the variable P c case (throttling) and the variable fuel area case, the only
results from the stability portion of the program that are of interest are those sets of
points ((ATDif/-ﬁc)', (Afio/_f'c)', and ' = w'/27) where (A?if/f’c)' is equal to the steady-
state operating value corresponding to the specified fuel annulus area. This is based on
the fact that the combustion delay times —C}vo and Em are sensitive to the fuel injection
velocity and the stability limits are generated using the steady-state operating value of
fuel velocity. For this reason, interpolation of the results written out in step (8) of the
stability portion of the program is required. For the variable fuel area case, this inter-
polation is built into the program. For the throttling case, the interpolation can be
handled conveniently by hand from the output data because of the small variation of fre-
quency along the boundary.
Appendix D contains a list of the computer program symbols and their definitions.
Appendix E contains a computer listing showing the actual implementation of the steps
outlined in the steady-state and stability subprogram discussion. The indexing shown
corresponds to the case of a dual-orifice injector configuration (see fig. 5(b)) at full
thrust with varying fuel annulus area. Comment cards are inserted at appropriate loca-
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tions in the listing to aid in the understanding of the program. Also shown is a printout
of the resultant stability limits for this system together with other pertinent informa-
tion. The computer program as shown in the listing, is set up for the expander cycle
with gaseous fuel being fed into the injector manifold at a constant rate. The program-
ming of the general liquid-liquid system, as described in the analysis, requires the
calculation of both oxidizer and fuel vaporization delays, gas-phase delays, feed system
impedances, etc.

Appendix F contains a flow chart for the digital program and a discussion, which is
intended as a guide for users of the program. This information, together with the com-
ment cards contained in the listing (appendix E), should help the user to modify the pro-
gram to study different engine configurations. The steps required to analyze liquid-
liquid propellant systems are also discussed in appendix F.

RESULTS AND DISCUSSION
Single-Orifice Configuration

A flox-methane engine system using an expander cycle and an oxidizer injector as
shown in figure 5(a) was studied using the digital program. Table I shows the specified
full thrust values of the chamber pressure, flows, etc.

At full thrust (ic - 3. 45x108 N/mz) the steady-state and stability portions of the
program were used to determine critical injector pressure drops for a range of fuel in-
jector annulus areas. Figure 6 is a plot of the digital data. For the nominal fuel area,
the ratio of fuel-injector-pressure drop to chamber pressure (A—lsif/fjc) is 0. 152 at full
thrust with a nominal oxidizer ratio of 0.250. For the nominal fuel area, the stability

TABLE I. - SINGLE-ORIFICE CONFIGURATION OPERATING CONDITIONS AT FULL THRUST

Chamber pressure, P., N/m2 ..................................... 3. 45105
Mixture ratio, O/F . . . . . o i o i i e e e e e e e e e e e e e e e e e e e e e e e e e 5.25
Oxidizer mass flow rate, \bo, KE/SEC . . i e e e e e e e e e e e e e e e e e 4.68
Fuel mass flow rate, v'vf, KZ/SEC . o v i i it e e e e e e e e e e e e e e e e e e e e e 0.891
Fuel-injector total pressure, Pip, N/m2 . . ... .. ... .. ... 4. 02x108
Fuel-injector temperature, T, K . . .. oo oo o0 oo oo 763
Oxidizer-injector total pressure, P; , N/m2 ............................. 4, 35><102
Oxidizer pump discharge pressure, Popd’ N/m2 ........................... 4. 69><105
Oxidizer tank pressure, Pp , D174 '+ O 2. ’76><104
Oxidizer pump speed, No’ 2 o L 2. 465%10

Oxidizer velocity, v, m/sec . . . .. ... ... ... 20. 42
Fuel velocity, vy, M/SEC + v vttt i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 214. 4
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Figure 6. - Comparison of analog and digital stability limits for single-
orifice, full-thrust injector with varying fuel area. Delays sensitive
to fuel area.

program yielded a critical oxidizer ratio of 0. 130, which indicates stable operation with
the nominal geometry. At the critical oxidizer ratio, a chugging frequency of 210.5
hertz was determined by the program. Changes in the oxidizer pressure drop are as-
sumed to be made by changing {he size of the oxidizer injection orifice without affecting
the injection velocities, delay titnes, etc. If one assumes that the resulting changes in
pressures, upstream of the injector, have only second-order effects on the stability of
the engine, then the difference between the operating point and critical pressure drops
represents the stability margin at the operating point. A stability boundary was formed
by computing critical oxidizer pressure drops for various fuel annulus areas. For each
selected fuel area, the delay times were calculated using the steady-state operating
point portion of the program. Figure 6 also shows a higher frequency boundary at lower
oxidizer and fuel pressure-drop ratios. For these operating conditions, the higher fre-
quency boundary is not important since the lower frequency boundary will determine the
stability of operation, For comparison with digital results, results from an analog com-
puter simulation are also shown. On the analog computer, a small-impulse disturbance
was introduced in the rate of change of burned products (Av'vb as shown in fig. 2) with a
resulting sinusoidal oscillation in chamber pressure. The oxidizer injection orifice
size was slowly decreased while adjusting the pump speed to maintain flow until steady-
amplitude oscillations in chamber pressure were observed. Frequencies on the analog
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were determined by using an electronic counter which gave a visual indication of the
oscillation period (in msec). Excellent agreement in the boundary location and frequency
is indicated in figure 6, which substantiates the inference of stability margin from the
digital data. In terms of stability, a slight advantage in decreasing the fuel-injector
pressure drop is indicated. A study of the computer results, however, indicated a loss
in combustion efficiency due to a decrease in the injection momentum ratio. This re-
sults in an increase in drop-size, and in decreases in the generalized length parameter
den and fraction vaporized € for the oxidizer. Although the combustion efficiency
due to mixing is assumed constant (nmix = 0. 973), the decrease in momentum ratio
would probably result in a further decrease in performance due to incomplete mixing.

The effect of throttling the engine at constant mixture ratio was also studied. A
turbine-bypass valve (see fig. 4) was assumed to control chamber pressure through
pump speed. A mixture ratio control valve (fig. 5(a)) area was varied in a specified
manner to maintain the chamber mixture ratio. Using the nominal fuel area, the steady-
state and stability portions of the program were run for various chamber pressures.
Figure 7 shows the results from the digital program. Figure 7(a) shows a plot of the
critical values (A?if/fc)' and (AT’iO/_]?TC)' at full thrust together with the frequency
f' = w'/2n%. Since all points on the boundary were computed using the operating point
delay times, the only boundary point of interest corresponds to the operating value of
fuel-injector pressure drop.

Interpolation on the plot yields the critical value of oxidizer pressure-drop ratio
equal to 0. 130 and frequency about 210 hertz which agrees with the results shown in
figure 6. As chamber pressure was decreased (figs. 7(b) and (c)) a shift in the lower
frequency boundary to the left is observed with the operating point moving upward and to
the left. The upward movement of the operating point is due to the assumed static rela-
tion between turbine discharge temperature and chamber pressure. At a throttling ratio
of 3. 33, figure 7(d) shows the appearance of a higher frequency boundary from the left.
No lower frequency boundary is indicated since at this operating point, the valve and
pump impedances are sufficient to stabilize the lower frequency mode. Figure 7(e)
shows that at a throttling ratio of 5, a higher frequency instability is predicted at a fre-
quency of 529 hertz. Figure 7(f) is a plot of the critical oxidizer pressure drop ratios
at the operating point value of fuel pressure drop against the throttling ratio. By ne-
glecting the second-order effects on stability of changing the pressure level upstream of
the injector, the difference between the throttling path and the boundaries can be con-
sidered to be the stability margin of the engine. For throttling ratios between 2,0and 2, 5,
no injection orifice pressure drop is required. The limiting factor on throttling appears
to be the higher frequency instability with a throttling limit of 4. 82.
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Critical ratio of oxidizer injection orifice pressure to chamber pressure
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Dual-Orifice Configuration

A flox-methane engine system using an expander cycle and an oxidizer injector as
shown in figure 5(b) was studied using the digital program. Table IT shows the specified
full thrust operating conditions for this configuration. Figure 8 shows the plot of digital
data showing the effect of varying fuel annulus area and oxidizer injection orifice size on
the stability limits at full thrust. For this configuration more advantage is indicated for
decreasing the fuel injector pressure drop ratio. Digital data indicated that operation at
a fuel injector pressure drop ratio of 0. 15 (same as single-orifice case) could be accom-
plished with no performance degradation due to incomplete vaporization. Appendix E
contains a printout of the digital results for this case., Figure 8 also shows the higher
frequency boundary dominating the stability at fuel-injector pressure drops below about
0.1 —150. Analog computer results are also shown in figure 8. Excellent agreement be-
tween analog and digital data were obtained. Unfortunately, a limitation of the analog time
delay capability prevented any determination of the higher frequency boundary on the ana-
log. Analog computer operation in the stable-low, unstable-high frequency region has
been achieved for other engine configurations. Figure 9 shows the response of chamber
pressure to an impulsedistance in flow for oxidizerinjector pressure-drop ratios both
greater than and less than the critical value. Figure 9(a) shows the decay of oscillations
for stable operation with both frequencies apparent in the trace. Figure 9(b) shows a
decay in the low-frequency component but a growing higher frequency component.

The effect of throttling the dual orifice system at constant mixture ratio was also
studied using the digital program. As in the case of the single orifice injector a turbine
bypass throttle was assumed with mixture-ratio controlled by a valve in the secondary

TABLE II. - DUAL ORIFICE CONFIGURATION OPERATING CONDITIONS AT FULL THRUST

Chamber pressure, P, N/m2 ..................................... 3. 46x10°
Mixture ratio, O/F . . . . . . . o o e e e e e e e e e 5.25
Oxidizer mass flow rate, Gvo, KE/SBC .« .« v i i i e e e e e e e e e e e 4.74
Fuel mass flow rate, \va, RE/SEC . . v e e e e e e e e e e e e e e, 0.903
Primary flow mass flow rate, ‘;Vpr’ KE/SEC . . v i i e e e e e e e e e e e 0.479
Secondary flow mass flow rate, Wsec’ RE/SEC . .« v i e e e e e e e e e e e e e e e e 4. 27
Secondary total pressure, Pooer N/m2 .................................. 4.03
Oxidizer injector total pressure, Py N/m2 ............................. 3. 84><106
Fuel injector total pressure, Pj, N/m2 ................................ 4. 52x10%
Fuel injector temperature, Tif’ e 747
Oxidizer pump discharge pressure, Popd’ N/mz ........................... 4. 35><106
Oxidizer tank pressure, P . N/m” . . . . . .. ... .. L oL 2. 76x10°
Oxidizer pump speed, Nos TPIM . Lo o e i e e e 2. 396><104
Oxidizer velocity, v, IM/SEC o & v v v e et e e e e e e e e e e e e e e e e e e e e e e e e e e 12.92
Fuel velocity, vy, M/SEC v v v e e e e e e e e e e e e e e e e e e e e e e 217.1
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(b) Oxidizer injection orifice pressure change less than

¢ritical.

Figure 9. - Response of chamber pressure to pulse-type
disturbance on analog for conditions where higher fre-
quency is unstable and lower frequency is stable,
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(axial) flow path (see fig. 5(b)).

Figure 10 shows the results of the throttling study.
Figures 10(a) and (b) show stable operation for throttling ratios of 1 to 1. 43,

At a

throttling ratio of 3. 33, the higher frequency boundary appears from the left in figure
10(c) with frequencies around 502 hertz at the boundary. Figure 10(d) shows near
neutrally stable operation at a throttling ratio of 5. 0 with a chugging frequency of

493 hertz.
for varying thrust.
single-orifice result.

Figure 10(e) shows the movement of the operating point and stability margin
Figure 10(e) indicates a throttling limit of 4. 8 which agrees with the

—

Stable low
frequency,
unstable high ft
frequency 5 Hz

—I>Digital data at critical frequency (f")
0O Operating point

—

ft —

197.4

Critical ratio of oxidizer injection orifice pres-

sure drop to chamber pressure

.05

10K

{a) Throttling ratio, 3.45x10%
P = 1.0.

ik Hz ™_Unstable low C C 1.6
= o 4.5 — frequency, A198.2 - -
s .6/—  Unstable low — fstable high — — 492.2
S - frequency, | Ifrequency - Unstable high frequency,
s stable high 198.9 ~ stable low frequency 493, Both fre-
2o U frequency I R B " Quencies
35 a A HE o stable
£33 205.6 a o 199.1 501. 2 8
S5
3 o - 10,9 Both fre- 502.1 — 494.8
2 E quencies Both fre-
=5 Both fre- 198.7 Stable quencies 495.3
= quencies 502.9 stable
E — stable | 198.5 L |
E . - - = 495.6
'08[_— 4.8 N | - C
06 I R A I I S I R
o .04 .06 .08 1 .02 04 .06 .08 .1 .01 .02 .04 .01 .02 .04

Ratio of oxidizer injec"tion orifice pressure change to chamber pressure

(b) Throttling ratio, 3. 45x105 {c} Throttling ratio, 3. 45%1001
Pc=143 P =3.33.

{d) Throttting ratio, 3. 45x105/
Pe = 5.0.

Throttling

,~Throttling path limit, 4.8t0 1
7

|
i
|
-~ Low frequency ‘

boundary Higher frequency

undary

2 3 4 5
Throttling ratio

ke

{e) Throttling limits for dual-orifice configuration (throttling ratio = 3. 45x106lﬁc).

Figure 10, - Digital results for stability limits for dual-orifice, nominal-fuel area injector. Delays evaluated at operating point.
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CONCLUDING REMARKS

A digital program has been developed to determine stability limits for throttleable,
bipropellant rocket engines. The program was written in FORTRAN IV language for
use with the IBM 7094 computer.

The program consists of (1) a steady-state operating point subprogram which com-
putes required parameters for solution of the characteristic equation and (2) a stability
subprogram which solves the characteristic equation for critical values of the injection
element pressure drops over a range of chugging frequency. Guidelines are provided
for choosing the range of frequency to be studied.

Available vaporization and drop size correlations are used to compute vaporization

efficiencies and combustion delay times, The effects of injector geometry, valve re-

sistance, pump characteristics, suction line inductance, etc., are included in the basic
program.

Digital stability data were computed for an expander cycle engine using (1) a con-
ventional single-orifice concentric-tube injector and (2) a dual-orifice concentric-tube
injector. The effects of throttling at constant mixture ratio and of varying the injector
pressure drops at full thrust on stability were determined. Excellent agreement between
digital and analog computer data were obtained.

For both injector configurations, throttling was limited to about 5 because of higher
frequency instabilities (about 500 Hz), which is characteristic of the double-dead-time
model used in the program. For the dual-orifice configuration, results indicated that
the design-point fuel-injector pressure drop could be decreased by 50 percent without
degrading performance or stability.

The development and workings of the computer program were discussed in detail
and a program listing, together with a typical printout of results are provided,

Lewis Research Center,
National Aeronautics and Space Administration,

Cleveland, Ohio, September 8, 1970,
128-31.
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APPENDIX A

SYMBOLS
cross-sectional area, m2 4
real part of oxidizer feed system
impedance, excluding injection KC
orifice resistance,
2
(N)(sec)/(m®)(kg)) K;
throat area, m2
oxidizer injection orifice resis-
tance, ((N)(sec)/(m?)(kg)) K,
bulk modulus of liquid, N/m?
imaginary part of oxidizer feed Klp
system impedance, excluding
injection tube reactance,
(M) (sec)/(m?)(kg)) Kop
oxidizer injection tube inductance,
(N)(sec?)/(m?)(kg)) L
characteristic velocity, m/sec A
diameter, m M
partial derivative of chamber pres-
sure with respect to fuel flow as M
defined by eq. (15), N
2
((N)(sec)/(m®)(kg)) ,
fraction of fuel vaporized
O/F
frequency, Hz
P
denotes functional relation
p
gravitational acceleration,
9.8 m/ sec:2 Rg
gravitational constant, r
1 (kg)(m) /(N)(sec?) 2
heat of vaporization for liquid, J/kg
S

imaginary part of feed system im-
pedance, ((N)(sec)/(m?)(kg))

chamber momentum loss coeffi-
cient as defined by eq. (23)

fuel-injector flow coefficient as
defined by eq. (52),
((g)(m?)(k1/?) /(sec) (W)

drop size coefficient as defined by
eq. (35)

pump pressure rise coefficient as
defined by eq. (48),
(N)(sec?)/(m?)

pump flow coefficient as defined by
eq. (48), kg'1

characteristic length, m
length, m

molecular weight for liquid,

((kg)/(kg)(mole))

Mach number
pump speed, sec'1
fraction of oxidizer vaporized
mixture ratio

total pressure, N/m2
static pressure, N/m2
gas constant, J/(kg)(K)
drop radius, m

real part of feed system impe-

dance, ((N)(sec)/(m?)(kg))

Laplace operator, sec'1
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ﬁozzle shape factor = Vn/Acln
temperature, K

time, sec

volume, m3
velocity, m/sec
mass, kg

mass flow rate, kg/sec

partial derivative of chamber pres-
sure with respect to oxidizer flow
as defined by eq. (14),

(M)(sec)/(m?)(kg))

substitution parameter as defined
in eq. (5)

complex flow impedance,
()(sec)/(mP)(kg))

real part of general system element
impedance, ((N)(sec)/(m?)(kg))

imaginary part of general system
element impedance,

((N)(sec)/(m?) (kg))
specific heat ratio

total pressure loss (rise for pump),
N/m2

disturbance in mass flow rate,
kg/sec

surface tension of liquid, N/m

contraction ratio

efficiency

gas residence time as defined by
eq. (34), sec

real part of complex variable S,
rad/sec

viscosity of liquid, ((N)(sec)/(mz))

mass density, kg/ m3

p

o time delay, sec

T sum of oxidizer delays and gas
residence time, sec

Q@ flow parameter as defined by
eq. (43)

v pressure-rise parameter as de-
fined by eq. (43)

w angular frequency, rad/sec

Subscripts:

a analog value

b burned

c chamber (at nozzle inlet)

ci chamber (at injector face)

cr critical

c* characteristic velocity

f fuel

fb burned fuel

gen generalized

i,j,k indices for general feed system
elements

if fuel injector

io oxidizer injector

ip injected propellant droplet

m gas-phase mixing and reaction

man  manifold

mix due to incomplete mixing

n nozzle

o} oxidizer

02 liquid oxygen

ob burned oxidizer

o
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opd

pr

sec

sf

SO

th

oxidizer pump discharge
pump

primary flow

suction line

secondary flow

fuel system output
oxidizer system output
total

theoretical

valve

v vaporized

vap due to incomplete vaporization
vf vaporized fuel

vo vaporized oxidizer

50 50-percent vaporized
Superscripts:

- mean or steady-state value of any
variable

critical value of any variable

time-varying portion of any vari-
able (i.e., x=x+ %)
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APPENDIX B

SOLUTON OF CHARACTERISTIC EQUATION

The characteristic equation describing the bipropellant engine system was derived
in the text and was

XK (o +0 )S TFK. -(o .40 )S
1= C o VO m" c vi _ 1 (B1)
ZSO(S) Zsf(S) BgS +1

By letting § = jo', 9o = %o * m? o1t T Yvf t Tm Zso :g(') +j"‘0’ and Zsf :g’% + j"f’
the characteristic equation becomes

) XK cos(wch ) - ]XK sm(worT ) FKc cos(wom,) - jﬁc sin(wETf)
¢= .
9?0 + JJO

-1 - jwh

R +1S s
(B2)

By multiplying both sides of equation (B2) by the terms (.Q;) + ]70) and (.9?% + j7f), sepa-
rating both sides into real and imaginary parts, and equating reals and imaginaries, the

b
real part of the fuel impedance, .9?%, can be solved for using the real and imaginary equa-
tions. From the imaginary equation,

1 Q' w'd + 7 - ﬁ sin(w'c—rTo)
A; FK,

1 A 'Q J 9? XK cos(w"' O’TO)

. 'ocos(w'GTf) _I—<7 1n(w0 f)+XK stm(w GT) -7 ./f w@./fg

(B4)
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Equations (B3) and (B4) yield the following quadratic equation in terms of .91:):

- 9Xs
2 7y 252 T sin(ws - £ - 5 sin(w'D
28 [Y - ?T (1 +w' Gg) + A,4-XK, sm(w'cr,r0 - w'chf) - = [cos(w'oTo) - u)’@g sm(w'cTo)]

— - _ KIS _ _
+ 0Y - JOX c COS(w'O'TO - w'an) + = [sm(w'o,ro) + w'Gg cos(w'UTo)]

S S X s K
_Tfo 252\ _ fel .

(1+w' Bg) _—T—}—O
where

Y = w'Gg cos(w'on) + sin(w'ch)
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APPENDIX C

EVALUATION OF FEED SYSTEM IMPEDANCES

Solution of the characteristic equation for the bipropellant system, as outlined in

appendix B, requires the knowledge of the imaginary parts of the feed system imped-

ances ',o and Jf at each frequency of interest. The following discussion will outline
the steps required to evaluate these parameters for both the single and dual injector
configurations. In general, the evaiuation will involve (1) the breaking up of the feed
system in question into its elements, each having a flow impedance Zi with the real

and imaginary parts o and B;» respectively, (2) the manipulation of these elements
(if necessary) into series and parallel combinations, and (3) the stepwise reduction of
these combinations to obtain the feed-system impedance (both real and imaginary parts)
at the frequency of interest.

38

Injector O/F control Pump | [Suction
° elements valve — line
z=a+ jwb Zy Zp Z
Injector Pump
Zg manifold discharge
— volume volume
Zman Zopd
o L |

I

Figure 11. - Impedance representation of single orifice oxidizer feed system,

The step-wise reduction of the system shown in figure 11 would be

Z.7Z
Zg -__17opd (c2)
Z1 + Zopd

e ey



Z4= _“8"man (C4)
Z3 + Zman

Zgo=Zy+a+jwb (C5)

For this case, the imaginary and real parts of Z so Would be

Sy = wh + By .Q0=a+ ay (C6)

where 34 is the imaginary part of the impedance Z & evaluated at the frequency of in-
terest. To evaluate the real and imaginary parts of the impedances, the following equa-
tions are very useful: If

Zk=Zi+Zj
then
= o + o
_ 7
By = By + B; (€7)
If
Zk: ZiZ)
Zi+Z].
Then . 5 5
_o(ed +B> oy (o + 57)
k
(o +a) + (B +B)
2
o4 e )

(o +a) + (B +B)

Equations (C7) and (C8) form the basis for the feed-system impedance calculations at the
frequency of interest regardless of the feed system configuration.
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Secondary O/F control
(axial) valve
Main — elements I —
injection Secondary
z
o— elements {— sec manif, " Zy
Suction
z=a+jub volume | Pump e
7 -
Zman P Zs
=
Z50 -
- Primary Pump discharge
(tangential) + primary
elements manifold volumes
b4
zpr opd

.||}_

Figure 12. - Impedance representation of dual-orifice oxidizer feed system.

Zl 22
Main -
injection Pump ?.uctlon
o—{ elements 23 L line
. % zg
z=a+ jwb
Primary
z (tangential)
SO
— elements
Pump
z
pr discharge
+ primary
manifold
volumes
Zopd

o= . L

Figure 13. - Modified impedance representation of dual-orifice oxidizer feed system.




Figure 12 shows the elements for the dual-orifice oxidizer feed system. Since the
stepwise reduction of the feed-system elements is based on parallel and series combina-
tions, the tee, formed by the secondary elements, manifold, and control valve must be
converted to a delta form. Figure 13 shows the modified feed system representation for
the dual orifice system.

The impedances, Z{, Z, and Zg, are evaluated from the following conversion
equations:

Z Z
_ sec " man
Z1=2gect Z man +—Z_—- (C9)
v
Z Z
Z2=ZV+Zsec+M (C10)
Zman
Z~, 7
Zg= ZV+Zman+m (C11)
Zsec
The stepwise reduction of the modified system is
Z4=Zp+ZS (C12)
Z,Z
Zi = “47opd (C13)
Z4 + Zopd
ZeZ
Zg = 7573 (C14)
ZS + Z3
ZoZ
Zoy = _27pr (C15)
22 + Zpr .
7,7
Zg = 7178 (C17)
Zl + Z8

41



Zgo=1Zg+a+jwb (C18)

Jo = U)b + Bg (Clg)
Qo =a + 0’9

As discussed with the single-orifice configuration, equations (C7) and (C8) were used to
evaluate the various ai's and ,Bi's at each selected frequency.

After solutions to the characteristic equation have been found, the critical values of
the real part of impedance .Q'O are converted to the corresponding critical values of the
injection-element resistance a' using either equation (C6) or (C19).
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TEmmeen - -

AC
ACCH

ACCL

ACOUS
ACRH

ACRL

AG
AHX

AKX

ALPHA
ALPHAG
AOV
AOV1
APF
APFO
AT

AYX
Al
A2

APPENDIX D

COMPUTER SYMBOLS

combustion chamber cross-sectional area, in. 2 (m2)

storage location for critical oxidizer pressure drop ratio at operating fuel
pressure-drop ratio (high frequency range)

storage location for critical oxidizer pressure drop ratio at operating fuel
pressure-drop ratio (low frequency range)

acoustic velocity at nozzle entrance, in./sec (m/sec)

storage location for critical oxidizer pressure drop ratio (high frequency
range)

storage location for critical oxidizer pressure-drop ratio (low frequency
range)

coefficient of second-order term in eq. (28)

imaginary part of dual orifice ZG in appendix C, sec/in. 2

2

((N)(sec)/(m“)(kg))

imaginary part of dual orifice Z7 in appendix C, sec/in. 2

(N)(sec) /(m?)(ke))

factor under square root in eq. (28)

product of angular frequency and gas residence time, rad
control valve area, in. 2 (m2)

full thrust control-valve area, in. 2 (mz)

fuel injector annulus area per element, in. 2 (mz)
design value of fuel annulus area per element, in. 2 (mz)
nozzle throat area, in. 2 (mz)

real part of single-orifice Z4 or real part of dual-orifice Z1 in appen-
dix C, sec/in. 2 ((N)(sec)/(m?)(kg))

real part of oxidizer impedance, sec/in. 2 ((N)(sec)/(mz)(kg))
real part of dual-orifice Z, in appendix C, sec/in. 2 ((N)(sec)/(mz)(kg))
cosine of phase angle due to gas-phase mixing delay

cosine of phase angle due to oxidizer vaporization delay
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A3

BG
BO
BX

BXA
BXI

B1
B2
B3
CDF
CDO
CDhP
CDS
CG
COEFF
COF
COM

coP

CSTAA
CSTAR
CX

Cl1

c2
DDX
DENE
DO

44

cosine of phase angle due to total oxidizer delay
coefficient of first order term in eq. (28)
oxidizer bulk modulus, (N/mz)

imaginary part of single-orifice Z 4 in appendix C, sec/in. 2

((N)(sec)/(m?)(kg))
imaginary part of oxidizer impedance, sec/in. 2 ((N)(sec)/(mz)(kg))

remprocal of imaginary part of dual orifice Z1 in appendix C, in. / sec
(m?)(kg) /(N)(sec))

sine of phase angle due to gas-phase mixing delay
sine of phase angle due to oxidizer vaporization delay
sine of phase angle due to total oxidizer delay

flow coefficient of fuel-injector elements

flow coefficient of oxidizer injection orifices

flow coefficient of primary injector elements

flow coefficient of secondary injector elements
coefficient of zero-order term in eq. (28)

gas-phase delay coefficient, sec

fuel-injector manifold capacitance, in. 2 (mz)

single-orifice injector manifold or dual-orifice secondary manifold capaci-
tance, in. 2 (mz)

single-orifice oxidizer pump discharge or dual-orifice pump discharge plus
primary manifold capacitance, in. 2 (m2)

storage location for characteristic velocity, ft/sec (m/sec)

characteristic velocity, ft/sec (m/sec)

real part of single-orifice Z3 or dual-orifice ZS in appendix C, sec/in. 2

((N)(sec)/(m ) (ke))
oxidizer pump flow coefficient
oxidizer pump head rise coefficient
denominator of dual orifice impedance Zg in appendix C
denominator of efficiency due to incomplete vaporization

oxidizer injection orifice diameter, in. (m)




DP
DPF
DPFC
DPF1

DPF2

DPJ
DPO
DPOC2, 5, 8

DPP
DPS

DS
DSU
DX

EC

ED
EFF
EFF1
ELC
ELCT
ELEFF
ELGEE
ELJ
ELLS
ELN
ELO
ELSU

primary injector element diameter, in. (m)
ratio of fuel injector pressure drop to chamber pressure at throat
critical value of fuel-injector pressure drop to chamber pressure ratio

critical value of fuel-injector pressure drop to chamber pressure ratio
when there is more than one solution

eritical value of fuel-injector pressure drop to chamber pressure ratio
when more than one solution

oxidizer injection-orifice pressure drop, psi (N/mz)
ratio of oxidizer injection-orifice pressure drop to chamber pressure

ratios of oxidizer injection-orifice pressure drop to chamber pressure
when more than one solution

pressure drop from oxidizer pump discharge to injector face, psi (N/mz)

pressure drop from oxidizer pump discharge to injection orifice input,
psi (N/m?)

secondary injector-element diameter, in. (m)
suction line diameter, in. (m)

imaginary part of single orifice Z3 or dual orifice 28 in appendix (
.2 2
sec/in. © ((N)(sec)/(kg)(m*))

contraction ratio

element density

combustion efficiency

storage location for combustion efficiency

cylindrical chamber length, in. (m)

total chamber length from injector face to throat, in. (m)
effective length (ref. 7), in. (m)

generalized length (ref. 7), in. (m)

oxidizer injection-element inductance, secz/in. 2 (secz/mz)
suction line length, in. (m)

conical nozzle length, in. (m)

oxidizer injection-element length, in. (m)

suction line inductance, sec? /in. 2 (sec2 /mz)
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ELSTR characteristic length, in. (m)

ELT chamber-nozzle geometry coefficient (ref. 8), in. (m)

ELX real part of dual orifice impedance Z3 in appendix C, sec/in. 2

- ((M)(sec)/(m?)(kg))

EL50 - length required to vaporize 50 percent of oxidizer droplet mass, in. (m)

EMAGO imaginary part of oxidizer impedance, sec/in. 2 ((N)(sec)/(mz)(kg))
EMAGF imaginary part of fuel impedance, sec/in. 2 ((N)(sec)/(mz)(kg))

EMC Mach number at nozzle entrance

EMR inject@r momentum ratio

EMXI remprocal of imaginary part of dual orifice Zj (see appendix C), in. /sec
((m?)(kg) /(N)(sec))

ENE number of injector elements

ENF number of fuel elements

ENO number of oxidizer elements

ENUM numerator of efficiency due to incomplete vaporization

ENX real part of dual orificeimpedance Zg (see appendix C), sec/in. 2
(N)(sec)/(m?)(kg))

ETAM  efficiency due to incomplete mixing

ETAV efficiency due to incomplete vaporization

EX real part of single-orifice Zy or dual-orifice Zg (see appendix C), sec/in. 2
((N)(sec)/(m)(ig))

FFH storage location for frequency at critical oxidizer pressure-drop ratio, oper-

ating fuel pressure-drop ratio (high-frequency range), Hz

FFL storage location for frequency at critical oxidizer pressure-drop ratio, oper-
ating fuel pressure-drop ratio (low-frequency range), Hz

FG partial derivative of chamber pressure with respect to fuel flow, sec/in. 2

2

(N)(sec)/(m*)(kg))

FH storage location for frequency at critical injector pressure-drop ratios (high-
frequency range), Hz

FL storage location for frequency at critical injector pressure-drop ratios (low-

frequency range), Hz

FOP fraction of oxidizer flow through primary (tangential) injector elements
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FREQ
FX

GAM
GAMMA

GC
GX

HVT

frequency, Hz

imaginary part of single orifice Z2 or dual orifice Z9 (see appendix C),
sec/in. 2 (N)(sec)/(m?)(ke))

input value of specific heat ratio for combustion products

specific heat ratio of combustion products

acceleration due to gravity, ft/sec (m/sec)

gravitational constant, 32.2 ((lbm)(ft)/(lbf)(secz)) (1 (kg)(m)/(N)(sec2))

real part of dual orifice impedance Zg (see appendix C), sec/in. 2

(N)(sec)/(m?)(isg))
oxidizer heat of vaporization, Btu/Ibm (J/kg)
heat of vaporization coefficient (ref. 8)
throttling index
multiple oxidizer solution index
high-frequency solution ordering index
multiple solution frequency index
low-frequency solution ordering index
low-frequency solution order index
variable fuel-area solution order index
calculation counting index
type of study index
existance of high-frequency solution index
existance of low-frequency solution index
low-frequency solution ordering index
variable fuel-area index
high-frequency solution ordering index
high-frequency solution ordering index
solution ordering index
low-frequency solution ordering index
high-frequency solution ordering index

high-frequency solution ordering index
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MM type of injector index

MN lower throttling limit index
N number of boundary points
ND number of solution points in set
NE one more than number of boundary points
NN frequency band index
NS one less than number of low-frequency boundary points
N1 number of low-frequency boundary points
N2 number of high-frequency boundary points
N1l one less than number of low-frequency boundary points
N22 one less than number of high-frequency boundary points
OF mixture ratio
OoX imaginary part of dual orifice Zg in appendix C, sec/in. 2 ((N)(sec)/ (kg)(mz))
PC total chamber pressure at nozzle entrance, psi (N/ mz)
PCI total chamber pressure at injector face, psi (N/mz)
PC1 full thrust total chamber pressure at nozzle enirance, psi (N/mz)
PF fuel-injector manifold pressure, psi (N/mz)
PO oxidizer pump discharge pressure, psi (N/mz)
PsS oxidizer pump inlet pressure, psi (N /m2)
PSUP pressure feeding secondary (ax-21) injector elements, psi (N, /mz)
PV percent vaporized with chamber, nozzle
PX real part of dual orifice 7, (see appendix C), sec/in. 2 ((N)(sec)/ (kg)(m2 )
QX imaginary part of dual orifice Z, (see appendix C), sec/in. 2
(W) (sec)/(g) (m))
RC combustion products gas constant, ft/°R (m/K)

RESF linearized fuel
RESOB linearized secondary-element resistance, sec/in. 2 (W) (sec)/(kg) (mz))
RESOJ linearized oxidizer injection-orifice resistance, sec/in. 2 ((N)(sec)/(kg) (mz))

RESOP linearized oxidizer pump resistance, sec/in. 2 (W) (sec)/ (kg)(m2 )]
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RESOS

RESOV
RF

RHO
RMCTN
RPC

RPC1, 2

RRF

RRF1, 2

RX1, 2

SLOPA

SLOPE

SPEED
ST

TAUM
TAUT
TAUV
TC
TEMP
TF

linearized single-orifice valve resistance or dual-orifice primary element
resistance, sec/in. 2 ((N)(sec)/(kg)(mz))

linearized dual-orifice valve resistance, sec/in. 2 ((N)(sec)/(kg)(mz))
fuel gas constant, ft/°R (m/K)

oxidizer mass density, Ibm/in. 3 (kg/m3)

mean oxidizer drop radius, in. (m)

critical value of real part of oxidizer injection-orifice impedance (one so-
lution), sec/in. 2 ((N)(sec)/(kg)(mz))

critical values of real part of oxidizer injection-orifice impedance (mul-
tiple solutions), sec/in. 2 ((N)(sec)/(kg)(mz))

critical value of real part of fuel-injector impedance (one solution),

sec/in. 2 (M) (sec)/(kg)(m)

critical values real part of fuel-injector impedance (multiple solutions),
sec/in. ? ((N)(sec)/(kg)(m?)

critical value of real part of oxidizer feed-system impedance (one solution),

sec/in. 2 ((N)(sec)/(kg)(m?))

critical values of real part of oxidizer feed-system impedance (multiple
solutions), sec/in. 2 ((N)(sec)/(kg)(mz))

nozzle shape factor (ref. 8)

storage location for partial derivative of characteristic velocity with re-
spect to mixture ratio, ft/sec (m/sec)

partial derivative of characteristic velocity with respect to mixture ratio,
ft/sec (m/sec)

oxidizer pump speed, rpm

oxidizer surface tension, dyne/cm (N/m)
correction factor for swirler

gas-phase mixing and reaction time delay, sec
total oxidizer time delay, sec

oxidizer vaporization time delay, sec

combustion temperature, °R (K)

temporary storage location for ordering solutions

fuel temperature, °R (K)
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TF1
THETAG
THETAM
THETAV
TK

TPE

TT

UF

UPH

UPL

UPPH

UPPL

vC
VELC
VF
VIS
VN
VOF
VOM

VORTC
VOS

WF
WF1
wO
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full thrust fuel temperature, °R (K)

gas residence time, sec

angle due to gas-phase mixing delay, rad
angle due to oxidizer vaporization delay, rad
input value of combustion temperature, K
thrust per element, Ibf (N)

temperature coefficient (ref. 8)

unit correction factor, 12 in. /ft (1 m/m)

storage location for high-frequency solution of critical fuel-injector pres-

sure drop-ratio

storage location for low-frequency solution of critical fuel-injector
pressure-drop ratio

storage location for ordered values of operating fuel-injector pressure-
drop ratio (high-frequency range)

storage location for ordered values of operating fuel-injector pressure-

drop ratio (low-frequency range)
cylindrical chamber volume, in. 3 (m3)
gas velocity at nozzle entrance, in./sec (m/sec)
fuel-injection velocity, in. /sec (m/sec)
oxidizer viscosity, cp ((N)(sec)/mz)

conical nozzle volume, in. 3 (m3)

fuel-injector manifold volume, in. 3 (m3)
single-orifice manifold or dual-orifice secondary manifold volume, in. 3
3
(m*)

ratio of secondary (axial) to total oxidizer flow

single-orifice pump discharge or dual-orifice pump discharge plus primary
manifold volume, in. 3 (m3)

angular frequency, rad/sec
fuel flow rate, lom/sec (kg/sec)
full thrust fuel flow rate, 1bm/sec (kg/sec)

oxidizer flow rate, lbm/sec (kg/sec)




wWOP
WOS
WOSv
wo1l
WT

WTO
WTOT
WTT

XG

XP
XS

YY

primary (tangential) flow rate, lbm/sec (kg/sec)

secondary (axial) flow rate, lbm/sec (kg/sec)

secondary flow specified by vortex characteristic, lbm/sec (kg/sec)

full thrust oxidizer flow rate, lbm/sec (kg/sec)

input value of molecular weight of combustion products, 1bm/(Ib)(mole)

(g/(g)(mole))

oxidizer molecular weight, lbm/(lb)(mole) (g/(g)(mole))

total propellant flow rate, lbm/sec (kg/sec)
molecular weight coefficient (ref. 8)

throttling index

partial derivative of chamber pressure with respect to oxidizer flow, sec/in.

((N)(sec)/(kg)(m?))

primary-element pressure-drop coefficient, in. -2 {(m

secondary-element pressure-drop coefficient, in.

substituted parameter in solution of eq. (28)

variable fuel-area index

_2(

_2)

m

_2)

2

51



aEaNal el

o5 -

MM=

C THE

APPENDIX E

COMPUTER LISTINGS FOR DIGITAL CHUGGING ANALYSIS

MAIN PROGRAM

COMMON /ABC/ WeCOMyRESUP +»COP+ELJsRESOJeW0,PC
DIMENSION GAM(2), TK{2)s WT(2]
D IMENSION UPL{100)s ACRL(100)}s UPHI(LO0), ACRH(100), FL(1D3), FH(1)

10)
DIMENSLION ACCL{10). UPPL{10), FFL(10),y ACCH(10)s UPPH(L12), FFH(10)

READ IN AND WRITE VALUES OF SPECIFIC HEAT RATIOD » COMBUSTION TEMP.,
AND MOLECULAR WT, OF PRODUCTS AT TwWO CHAMBER PRESSURES FOR NIMINAL
MIXTURE {ATIO. FOR THIS CASE N=1 IS FOR PC=800 AND N=2 IS FOR PC

50C

READ {(541) {(GAMINI o+ TKIN) +WT(N) sN=1492)

WRITE (691) (GAM{N}«TKIN) ¢ WTIN)sN=142}

FORMAT (6XoF€a4slXeF 5,001 XoF6e391XsF6e%91XsF5.091XsF6.3)

MM=0 OFNOTES DUAL ORIFICE

1 DENOTES SINGLE ORIFICE
MM=0

GC=32.2

Ur=12.

6G=32.7

E FOLLOWING OATA IS FOR METHANE

RF=12.%90437

FOLLOWING DATA IS FUR 82.6 PERCENT FLOX
TCR=261.

WT(O=36.8

HV=78.0

RED=.0538

BN=T7.84F+4

ST=67.0

VIS=.22

RSTVE={{. 041 1/RHOI*{ST/13.2)%{(VIS/.19))*%,25
WTT=(ATO/100.)%%,35

HVT=(HV/140.)%%.8

C THF FOLLOWING COEFFICIENTS ARE SUPPLIED FOR OXIDIZER PUMP. C1 IS

cC A

FLOW COEFFICIENT AND C2 IS A HEAD RISE COEFFICIENT
C1=44.253
Cé=3.253F-6

C THE FOLLIWING ARE FULL THRUST OPERATING CONDITIONS

52

IF {(MM.FQ.0) GO TJ 2
PC1=500.
OF=%.75
WiOl=10.31
WFEFI=WIJL1/0F
TF1=1373.
TO=165.

P §=40.

GO TO 3
PC1=5L0.
NF=5.25
W0l=10.46
WEl=Will1/0F
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TF1=1344.
TO=1%6.5
PS=40.
THE FOLLOWING IS GEOMETRY DATA. A CUNICAL NOZZLE IS ASSUMED AND
ITS LENGTH IS BASED UON SPECIFIED CHARACTERISTIC LENGTH AND
CONTRACTION RATIO AND THROAT AREA
IF (MM.EQ.C) GO TO 4
AT=5.309
EC=4.
ELSTR=37.
ELCT=13.
GO TO 5
AT=5.336
EC=4,
ELSTR=40.
ELCT=13.
ELN=3.% (ELSTR-ELCT*EC) /{le—2.%ECH+EC*k¥*.5)
ELC=ELCT-ELN
VN=AT*ELN*( 1 .+EC+EC*k%,5) /3.
AC=AT*EC
VC=ACXxELC
S=VN/AC/ELN
ELT=ELC/EC*% .44+, 83%ELN/S*% 33 JELx%,22
THE FOLLIWING IS SPECIHIED INJECTOR GEOMETRY
IF (MM.EQ.O) GU TO 6
DO=.0694
ELU=.6094
ENF=63.
GO0 TO 7
NP=.01403
0S=.0920
DO=.0846
ENF=68.
FLU=1.
FLC=ENE/AC
FNO=ENF
ENF=ENE
FUK DUAL JRIFICE INJECTUK, VOM IS MANIFUOLD VOLUME FOR SECONDARY FLOW
AND VOS IS SUM 0OF MANIFOLD VOLUME FOR PRIMARY FLOW AND VOLUME BETWEEN
PUMP AND INJECTUR. FOR SINGLE ORIFICE INJECTGR, VOM IS INJECTOR
MANIFOLD VOLUME, VOS IS VOLUME BETWEEN PUMP AND INJECT OR
VOF IS FUFL MANIFOLD VULUME
IF (MM.EQW.0) GO TD 8
ViF=4.
FLLS=18.
NDSU=2.9
vias=50.
VOM=21.
AOV1=.229
CDN=.6
CLP=.6
CDBS=.6
Chk=.6
SWi=.448
APHQ=1.158E~-2
GO0 TO 9
AOV1=.215
Ch=.6
CLP=,6
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CDS=a.6

CLF=.4247

SWC=.448

VOF=4.

ELLS=18.

NSU=2.5

VO5=50.

ViiM=21.

APFO=1.0535E-2
AT THIS POINT THE DECISION IS MAJE WHETHER TO GENERATE BUUNDARIES
AT VARIOUS CHAMBER PRESSURES, USING DOPERATING POINT DELAYS OR TO
GENERATE BOUNDARIES USING DELAY VALUES SENSITIVE TO FUEL ANNJLUJS
ARFA ., JJd=0 DENOTES FORMER, JJ=1 DENOTES LATTER

J=1

JJ=1

MN=1

L I=0

I1=0

I¥ (Jde.Ed.0) MN=10

DO 89 [=14+MN

X=1

PC=PC1%*(1l.l-X%Xxas1)

K =0

APF=APFO
SPECIFY FUEL TEMPERATURE AND CONTRUL VALVE RELATIONSHIPS TO
CHAMBFR PRESSURE

TF=TFI1*(PC1/PC)*¥*,116

AOV=AIV1I*{-.009TT7+1.035%{PC/PC1)=-.0252%(PC/PCL)X%2)
COMPUTE THFORETICAL CHARACTERISTIC VELUCITY AT GIVEN CHAMBER PRESSURE
AND MIXTURE RATIO ALSO PARTIAL WeR.T. MIXTURE RATIO

CALL CSTRR (PC,OF,CSTAR,SLOPE)
AT FULL THRUST.FLUOWwWS ARE AS SPECIFIED. AT THROTTLED CONDITIONS
(J NOT FQUAL TU 1)s FLOWS BASED ON PREVIOUSLY COMPUTED
EFFTICIENCY .

IFf (J.FQ.1) GD TO 10

GO T 11

W0O=wW01

WF=WE .

GG 1O 12

EFF=EFF1

WTOT=PC*AT*GC/CSTAR/EFF

WO=0F/{OF+1.)%WTOT

WkF=WO/0F

GO TO 13
AT FULL THRUST., COMPUTE EFFICIENZY

EFF=PL*xAT*GC/CSTAR/ ( WO+ WF)
INTERPOLATE OR EXTRAPOLATE LINEARLY TU DETERMINE SPECIFIC HeAT
RATIU«MOI ECUL AR WEIGHT AND COMBUSTIOUN TEMPERATURE. USE RESULTS
T CALCUILATE CHAMBER PRESSURE AT INJECTOR FACE.

GAMMA=GAM{ 2) +{GAM{L)-GAM(2) ) *{PC-500.1)7300.

TC=1aB8¥%(TKL2)+{TKLL)-TK(2) ) *¥{(PC-500a)/7300.)

RC=1544/{nTHL2)+(WT{1)-WwT({2))%(P(-500.)/3004)

ACOUS=SOR T(GC*GAMMAXRC*TC) *xUF

EXP={GAMMA+1.) /(GAMMA--1.) /2.

EFMC={1a/{ 1e+{GAMMA~L1.)/2.) ) ¥%EXP/EC

VELC=FMLX*xACOUS

EXP1=GAMMA/( GAMMA-1.)

PCI=PL*{ 1 ¢+GAMMARXEMC®%2) /(1. ¢ (GAMMA~1.) /2. % EMC *%2) *%EXPL
COMPUTE VELUCITIES AND PRESSURE OROPS
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14

VF=WF/ENF/PC I*¥RF*TF/APF
PF=PCI*SIRT( 1.+ VF*%2/COF¥¥2 /RF/TF/GC/UF)
VU=WO/END /RHO/ 3.1416/D0%%2%4,

EMR=VF/V0 /0F
DPIJ=(WO/ENO/COO/3.1416/D0%%2%4,.)*%*%2/RH0/2./GC/UF
IF (MM.FJU.0) GO TO 15
DPS=(WO/AUV ) *%2 /RHD /2. /GC /UF

DPP=DPJ+DPS

PC=PCI+0DPP

GO T0 17

15 XS=4,/END/CDS/3.1416/D5%%2

XP=4,/EN13/3. /0P /31416/DP%%2

WOP=WI/ {1 « ¢ XP/ {1 /ADVRR2#XSk%2 ) %%k, 5)

wWOS=wl-WOP

FOP=WOP /WO

PSUP=PCI+DPJ+{ WOS*XS)**2 /RHO/2 ./GL /UF

DPS={ WOP*XP) ¥ 2 /RHO/2./GC /UF

NDPP=DPJI+DPS

PO=PCL+DPP

VORTC=-2.45% (PO/PSUP ) *%2+ 4,52 {PO/PSUP)-1.1259

WOSV=40%XVORTC

IF (ABS({WUSV-WOS).GT..01) GO TU 16

GO TQ0 17
16 DS=US*(WOSV/WOS)%%x,.5

GO TO 15
C TrE FOLLNWING SECTION COMPUTES DROP SIZE, BURNING LENGTH,
C EFFECTIVE LENGTH. DELAY TIMES, PERCENT VAPORIZED AND
C PERFORMANCE LOSS DUE TO INCOMPLETE VAPURIZATION. AT FULL THRJST,
C ThE PERFIRMANCE LOSS DUE TO INCOMPLETE MIXING IS INFERRED. AT
C THROTTLED CONDITIONs OVERALL EFFICIENCY IS CALCULATED AND COMPARED
C WITH THE VALUE USEU. I+ ERROR EXISTSe FLOWS ARE ADJUSTED
17 RMCTN=.5% . 23€«RSTVCXSWC*DO*SOQRT(OF*VQ/VF)

TT=(1.-TO/TCR)**_4

FLS50=2 . T5%EC*¥k . 44%TT*(RMCTN/.003) *%]1 .45%(VU/1200 ) %%, T5%ATTH*HVT/ (P

1C 7300. ) %% , 66

FLEFF=ELT/ELSO*2.75%EC** ,44%nT TEXHVT

TAUV=EL 50/V0D

ELGEF=ELEFF/WT T/HVT

PV=PP{ ELGEE)

DENE=CSTAR*(0OF+1.)

CALL CSTRR (PC.PV%0OF CSTAA.SLOPA)

FNUM=CSTAA¥*(PVX0OF+1.)

FTAV=ENUM/DENE

IF (J.GT.1) GO TO 18

FTAM=EFF/ETAV

GO T0 20
18 EFF=ETAV¥*EFTAM

iF (ARS{EFF1-EFF).GT..001) GO T0O 19

GO T 20
19 WTOT=wW0+wF

C
C
20

WTOT=WTOT*EFF)/EFF

WO=O0F/(OF+1.)%WTOT

wWE=W0/0F

EFF1=EfF

GO TO 14
COMPUTE GAS RESIDENCE TIME, THRUST PER ELEMENT, GAS PHASE DELAY
COEFFICIFNT AND DPERATING POINT PRESSURE DROP RATIOS

THETAG=EF F*( STAR¥ELSTR/GAMMA/RL/TC/386.

TPE=10.%PC/ENE



DPU=DPJ/PC
DPF=(PF-PCI) /PC

COEFF=1.E+3% (ELC+ELN-EL50) /VELC
TAUM=TM(COEFF)

TAUT=TAUM+TAUV

C THE FOGLLOWING SECTION COMPUTES LINEARIZED RESISTANCESs INDJCTANCES,

. CA

21

22

23

24

25

26

C AT
C THFE

27

28

56

PACITANCES AND GAINS.

XGC={CSTAR +{UF+1.)*SLOPE) /AT/GL*EFF*PCI/PC

FG={CSTAR-OF*{OF +1.)*SLOPE) /AT /GU*EFF%PLCI/PC

RESF=IPF*¥2—PCI*%2)/WF/PC1

RESNJ=2.%¥( DPP-DPS) /WO
CALL RESXP (Cl,C2,RHO«WO+PS»PB+SPEEDRESOP)

RESOS=2.%¥DPS /W0

ELJ=ELO%4 . /EN0/3.1416/D0%%2 /UF /6

ELSU=FLLS*4./3.1416/7DSU%%2 /UF/G

COP=RHU*VOS/BO*G/GC

COM=RHOUXVOM /BO*G/GC
CUF=VOF/RF/TF

THIS FPOINTs PARAMETERS OF INTEREST ARE WRITTEN OUT.

WRITEF (6.21)

FURMAT (2Xe2HPC o4Xy2HED 92X 9 2HNE ¢4 X o 2HNO 24X 9s3HF/E 5 X+ 2HDOs5X 9 4HAF/E
Lo X9 2H0C% e 6X o 2HL¥ ¢S X9 BHEFF ¢ 4X 9 2HWUsO6X 9 2HWF 94X 92HVO 98X 92HPS» 5X¢ 2HMC,
Z29Xe 3HPL [e 3X+s 6HTHETAG)

WRITE (6022) PLWEDsENE+ENO s TPE oDOvAPF sCSTARVELSTRHYEFF s WD eAdF VD, PS,
LEMCPLITHETAG

FORMAT (1XeF a192XeF20002XeF30a0e2XsF4e0+2X9FS5e192X9F5.492K3E94.442X
Lo FOale 3XoeFaale 3XeF@a3e3XeF5.202XeF5.242XeF0.0102XsFTals2XeFae3y2X,F
25 e1+42Xe1PEY9.3)

WRITE (6+23)
FURMAT (3Xe2HPD+6X s 2HPF 15X s3HIPF +5Xe3HDPO»4Xv3HL50 94X s 3HLEF 22Xy 4HL

IGFNs 3Xe 2HP Vo 6X v 4HTAUT s 4Xo SHFTEMP ¢ 3X 9 3HMOR+4X ¢ 2ZHD Py 4X 9 4HT AUMy 14X, 2H
2D Se6Xe 4HETAM)

WRITE (6424) POIPFDPF +DPOELSUWELEFFELGEE.PVTAUT,TF,EMR,DP, TAUM
le DS FTAM

FOURMAT (1XoeF€alo2XoFOelslXeF6e4e2XsF5.493XeF54391X9F5.192X9F%4142X
1o F4e3¢2Xs LPEGe3e2XoOPF 5.0 91X 9760630 2X9F5.4+2X91PEFe3+48X13PFS5440aXsF
24 .3)

WRITE (6.25)
FORMAT (3Xe 3hWOP s TX o 6HWOP/ WU» 4 X9 3HAOV o6 X 96 HOXGAIN» 4 X3 HFJELGAIN, 3X

le THSPFEDI X+ 4 Xe BHOXINJUPR 94 X9 LOHUXSPLITUPR 3 X»9HOXPUMPRES 94X +8HOXIN
24 INDe 46X e BHOXSCAP+5X e 6HUXMCAP)

ARITFE (64205) WOPWFOP »yAUVe XG9F 5 +SPEED +DPJ+DPSWRESOPELJ,COP, COM
FURMAT (2X ot 6e 304X oF 6e404XeF6.9+4XeF 03 94XeF6e394Xe1PEFL343X,1PET.
1303XQIPE9.3'4X0 IPE9.3'3X!1PE9. 3'2X'1PE903'1X’1PE9.3//)

FFEl=kFF

IF {(T.LT.MNJ).AND.(JJ.EQ.1)) 50 TO 88

IF ({(K.EQ.0).AND.lJJEQs1)) GU TO 79

THIS PUINT THF FREQUENCY BANDS AND INCREMENT ARE SELECTED AND
SOLUTION OF THE CHARACTERISTIZ EQUATIOUN IS INITIATED

FREO=74.9

JN=0

N =0

NN=0

FREQ=FREQ+.1

TF ((FKED «GT.300.) sAND.{FREQ.LT.400.)) GO TO 28

GO TOQ 29

IF (N.EQ.O) JN=1

N 1=N

FRFQ=400.
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GG TO 30

IF {(FREQ.GT.€650.) GO TU 50
W=6.72832%FREQ
II=1

RX=0.

RX1=0.

RX2=0.

RRfF=0.
RRF1=0.
DpPaC2=0.
DPOC5=0.
NPOC8=0a
DPFC=0.
DPF1=0.
DPF2=0.

C AT THIS POINT TERMS IN THE CHARACTERISTIC EQUATION ARE EVALJATED

Cc

oo

C

31

AT

AT
QUA

THE
THF

SPECIHIED FREQUENCY

EMAGF=—1a /W/COF*PF/PCI

THETAT=TAUT*W

THETAM=TAUM¥* W

THFTAV=TAUV*W

THETAL =FL J*W

ALPHAG=THETAG* W

A1=COS{ THETAM)

B1=SIN({ THETAM)

A2=COS(THETAV)

R2=SIN{THETAV)

A3=COS{THETAT)}

B3=SIN(THETAT)

Y =R1+AL.PHAG*AL
THIS PIOINT THE SECIND AND FIRST ORDER COEFFICIENYTS IN THE
DRATIC EQUATIGCON FOR CRITICAL OX REAL PART ARE EVALUATED
AG=Y—EMAGF /FG¥( L. +ALPHAG*%*2)

B G=—XL*B2~2  ¥XG*EMAGF /FG*¥{A3—~ALPHAG*B3)

IF {MM.EQ.0) GO TO 31

FOLLOWING SECTION COMPUTES THE REAL AND IMAGINARY PARTS OF
IMPFDANCE LULOKING UPSTREAM FUR A SINGLE ORIFICE CONFIGURATION
RES(S=2 .#DP S /WO
DOX=(W*RESUP*COP I ¥ ¥ 2+ 1 o + WhHLXELSURK2RXCUPR¥2 -2, ¥k ¥ 2%ELSJ%*( 0P
FX={ -W*COPRRESUP*¥ 2+ WkEL SU-Wk*3¥CUPXELSU*¥2)/ (DDX)
EX=RESOP/DDX

DX=FX

CX=RESNS+EX

BX={~WkCOME (CX®k% 24D X% %2 )+DX) /{ (WECOMFCX) *%2+ (W*COM*¥DX~1.) *%2)
AX=CX/ (AWkCUMEC X ) #%2+ { WECOMXDX~1. ) ¥%2}

AXA=AX

BXA=BX

GO 1O 32

CONT INUE

C THE FOLLOWING SECTION COMPUTES THE REAL AND IMAGINARY PARTS OF THE
C TMPEUANCE LOOKING UPSTREAM FOR A DUAL ORIFICE CONFIGURATION

RFSNS=2.%¥DPS/W0OP

RESOV=2.%¥( WOS/AOV)**¥2/7T72. /RHB/WOS
RESUB=2.%{DPS-(WOS/A0QVI**¥2/772 ./RHO} /KOS
WX=WERESUB*RESOVECOM

97



32

P X=RESOV+RESOB
UDX={W*RESOPXCOP ) ¥ ¥ 2+ ] « + WEXGRE L SUXF2¥COP*¥X2 -2 ( ¥WHX2¥ELSJ*COP
OX=(~W*COP*RESOP*% 2+ WkEL SU-W¥*3%COP*ELSU%**2 )/ {DDX)

ENX=RFSOP 7DD X

EMXI=—W¥RESUB®COM/(RESOV+RES(B)

FLX=RFSOV

AX=RESOB

BXT=—d%RESOV*CUM/(RE SOV+RESUB)

AKX =0X*¥RESUS** 2/ ({RESUS+PX) *%2+QX*%2)

AHX=(IX*{ (ELX)EMXI) %2+ 1. ) +EMXI¥ {ENX*%2+0X*%2) )/ (EMXI*%2%( ELX+ENX)
1%24 (Lo +( OX*EMXT)¥%2) )

AYX=(PXERESOS*¥ ¥ 2+RESUSH (P X¥k 2+ 0X¥%2) } / ({RESOS+PX) %%2+QX%%2 )
GX=(ENX®({ {ELX¥EMXT ) %%241, )+ ELX*EMXT#¥2% [ENX¥#2 +0X*%2) )/ (EMX I **2%(E
I XHENX 1224 1o +tUXXEMXI ) %%2)

D X=AHX +AK X

CX=GX+AYX

EX={CX*({ AX®BX1 )¥% 241 ) +AX¥BXI*¥%2% (CX¥#2+DX*¥%*2}) /I BXI*%2%( AX+LX ) k%

124 1a+0OX¥BXT )*% 2}
FX={DX¥{{AXEBXI)*%24+]1 ) +BXIX{CXk%¥2+DX*%2) )/ (BXI*.2%k{ AX+CX ) %¥k2+( 1.+
INX%:BXT ykx 2)

AXA=EX

RXA=FX

EMAGO=THETAL +B XA

C AT THIS PUINT THE ZERUTH OKDER COEFFICIENT IN THE QUADRATIC

C FQUATION FOR CRITICAL OX REAL PART IS EVALUATED. THE FOLLOWING
C SFCTION SOLVES THE QUADRATIC AND RELATES SOLUTION TO THE

C PRESSURF NKGP RATIOD

33

34

35

36

37

58

COG=EMAGU** 2% Y—EMAGU* XG*A2+2 ¥ XG*EMAGF ¥EMAGO/FG* (B3 +ALPHAG*A3 ) -EMAS
LF*EMAGO¥% 2/FG6( 1o +ALPHAG®*2 )~ XG¥*¥2*EMAGF /FG
IFf (AG.NE.O.) GO TO 33

RX==CG/86

RPC=RX-AXA

IF (RPC.LE.C.) GO TO 27

DPOC2=RPLC*WO/WPL/2.

60 TO 38

ALPHA=BG*%2- 4, % AG* (G

IF (ALPHA} 27.34,35

RX==BG/2. /A6

RPL=RX—-AXA

IF (RPC.LELOL) GO TO 27

LPOC2=RPC*WNO/PC /2.

GO T 38
RX1=(-BG+SURTIALPHA} )} /2. /A6
RX2={-BG-SURTLALPHA})/2./AG
RPL1I=RX1-AXA

KRPL2=R X2-AXA

{F ({RPL1.LEWD.) ANV (RPC2.LE.C.)) GO TGO 27
IF (RPClaLE.Ca) GO TU 36

I1fF (RPC2.LE.C.) GO TO 37
[1=2

DPOCS=RPL LXWO/PC/2.
DPOCB=RPL2¥W0O/PC /2.

GO 10 39

RP(L=RP(2

DPOC2=RPCXWO/PC/2.

RX=RX?

GO 70O 38

RPC=RP(C1

DPOL2=RPC*WO/PL /2.



C AT
¢ Ux
38

39

40
41

42

413

44

C AT

GQ 70 138

THIS POINT THE CRITICAL FUEL REAL PART IS DETERMINED USING
SOLUTIINS. THE RESULT IS RELATED TO THE PRESSURE DROP RATIO
RRF={FG*R X¥B 1-FG¥EMAGU*A 1~ XG*EMAGF *A3+ALPHAG*EMAGO*EMAGF-EMAGF*RX)
1/ (RX*¥ALPHAG+EMAGO-XG*B3)

IF (RRF) 27+274+43

RRELI=(FOG¥RX1%B 1-FG*EMAGO*AL-XG*EMAGF *A3+ ALPHAG *E MAGD*EMAGF—EMAGF %R
IX1}/(RX1I¥ALPHAG+EMAGO- XG*B3)

RREZ2=( FG¥RX2%B 1-FG*EMAGU*AL1-XG*EMAGF*A3+ ALPHAG *EMAGO*EMAGF —EMAGF %R
IX?2) 7{RAX2% ALP bPAG+EMAGO~- XG*B3)

IF (RRF1.6T<Ca) GO TO 40

RRF1=0.

NPOC5=0.

IF IRRF2.LE«Ce) GO TO 41

G0 TO 42

IF (RRF2.GT.Ca) GO TO 42

RRF2=0.

DPOCB=0.

OPF1=SORV{PC I**2+WF*PCI*RRF1}/PC-PCL/PC

DPF2=SURT(PC I**2+WF*PCI%RRF2) /PC—-PCI/PC

GO TO 44

DPFC=SURT(PC I**2+WF*PLI*RRF)/PC-PCI/PC

IF ({NDPOC2EQa04) e AND(DPFLeEQ<0s) s ANDL{DPOC5.EQ.0.) «ANDL(DPF1.EQ.
10.) cAND{DPOCB.ER.Ce ) s AND W (DPF2.EQ.Us}) GO TO 27
THIS POINT THE LOW AND HIGH FREQUENCY SOLUTIONS ARE SORTED

C IN ORDOFR OF INCREASING FUEL PRESSURE DROP RATIO

46

417

T (NN.FQ.1) GO T3 47

If (DPF1.EQ.Q.) GO TO 45
IF (DPF2.EQ0.C.) GO TO 46
N=N+1

UPL{NI=DPF1

FLIND)=FRFY

ACRL(N})=DPUCS

N=N+1

UPLIN)=DPF2

FLIN)=FREQ

ACRLINI=DPOCE

Go 10O 27

N=N+1

UPLINI=DPF2

FLIN)=FREQ

ACRLIN)=DPOC 8

GO TO 27

N=N+1]

UPLIN)=DPF1

FLIN)I=FREQ

ACRL(N)=DPOCS

GG TO 27

IF (DPF1.EQ.0.) GU TO 48
IF (DPHZ2.EQ.C.) GO TO 49
N=N+1

UPHINI=DPF1

FHIN)=FREQ
ACRHIN)=DPOC &

N=N+1

UPHIN)=DPF?2

FHIN)=FRFW

ACRHIN)=DPOC &

GU TO 27



48 N=N+1
UPHIN)=DPF2
FHIN)=FREQ
ACRHIN)=DPOCE
GO TO 27

49 N=N+1
UPHI(NI=DPF1
FR{N)=FREQ
ACRHINY=DPOCS
GO TO 27

50 IF {{FREQaGT «650.)AND.{NEQW.0}) dM=1
NZ=N
IF ((UNJEQal).AND.(JUM.EQ.1)) GU TO 78
IF (UM.EQ.1) GO TO 51
I (UN.EQ.1) GO TO 52
IM=3
GO TO 53

a1 ImM=1
GO T 53

52 TM=2
GO TO 56

53 N1l1=N1-1
DG 55 IX=1eN11
IX1I=1X+1
DO 55 JUX=IX1eN1
IF (UPLLIX)I-UPLIJX)) 55+55,54

54 TEMP=uPLI IX)
UPLLIX)Y=UPLIJX)
UPL(JX)=TEMP
TEMP=ACRLIIX)
ACRLIX)=ACRE(JX)
ACRLIJIXI=TEMP
TEMP=FL(IX)
FLOTIX)Y=FL(JX)
FLIJX)=TEMP

55 CONTINUE
IF (IM.EQ.1) GU TU 59
56 N22=N?-1
NO 58 KX=1.N72
KXI=KX+1

DO 58 LX=KX1N2
T (UPHIKX)=UPH{LX)) 58,58.57
57 TEMP=UPH({KX)
UPHIKX ) =UPHI{LX)
UPHILX)=TEMP
TEMP=ACKRHIKX)
ALRH{KX)=ACRH{LX)
ACRHILXY=TFMP
TEMP=FHIK X)
FRIKX)=FH{LX)
FHILX)=TEMP

58 CONTINUE
C AT THIS POINT, THE VARIABLE AREA CASE(JJI=1) CALLS FOR INTERPOLATION

C Tu FIND CRITICAL OX REAL PART AND FREQUENCY AT THE OPERATING FUEL
C PRFSSUKE DRUP RATIU. THE RESULT IS STURED. THE THROTTLING CASE
C (JJd=0) CALLS FOR WRITING UUT SOLUTIONS.
59 ITF ({JJeEV11.AND.(IM.EQe1)) GO TO 60
16 ((JJ.EQ.1).ANDL(IM.EQL2)) GO TU 62
TF {((JJ.EQ.1).AND. {IM.EQ.3)) GU TO 64

60



e e RS S

60

61

62

63

64

65

66

67

GO TO 68

IF ((DPFaLTLUPLIL))OR.(DPF.GT.UPLINL))}) GO TO 79

LI=LI+]l

NS=N1-1

DO 61 L=1.NS

IF (DPF.GTLUPL{L+1)) GO TO 61
ACCLILI)=ACRLIL)IS(DPF-UPL(L) ) *# (ACRL{L+L)=-ACRLIL))/ (UPL(L+L)~-JPLIL)
1)
FELALII=FLILI+(DPF—UPLILI )R (FLAL+L)-FLIL))/ZLUPLIL+L)-UPL(L))
UPPLIL I )=DPF

GO Tn 79

CUNTINUE

Li=Li-1

GO TO 79

IF {{DPFLTLUPH{1)) 0RL(DPF.GT.UPH(N2))) GO TO 79

IL=1L+1

NS=N2-1

DO 63 L=1«NS

IF (DPF.GT.UPH{L+1)) GO TO 63

ACCHUTL )=ACRH{LI+(DPF-UPH(L)) ®* (ACRHIL#L1)—-ACRHIL) )/ (JPH(L#+1)-UPH(L)
1)

FFHUIL ) =FA(L I+ (DPF—UPHIL I IR (FH L+ L) -FHIL)) /7 LUPHIL+Y)~-UPH(L))
UPPH{IL)=0PF

GG T0 79

COUNT INUE

IL=1L-1

GU TO 79

ITF ((OPF.LTLLPLIL))OR.(UPF.GT.UPLINL))) GO TO 66

LI=L1+1

NS=N1-1

NO 65 L=1«NS

IF (DPFGTLUPLIL+L)) GO TO 65

ACCLON I)=ACRLIL)I+(OPF-UPLIL))* (ACRLIL+L)-ACRLILIIZ(UPL(L+1)-UPLI(L)
1)

FRLALT)=FLAL)+(DPF-UPLIL) ) *(FLIL+L)-FLIL))/LUPL(L*L)-JPLILY))
UPPLILTI=DPF

GO TO o6

CONTINUE

LI=LI-1

TF ({OPF.LT.UPH{L))eORIDPFLGTLUPHIN2))) GU "0 79

IL=1L+1

NS=N2-1

DO 67 LU=1eNS

IF (DPF.GTLUPHILI+1)) GO TG 67

ACCHITL)I=ACRHILJI+(DPF-UPH{LJIY ) * (ACRH(LJI#L)-ACRH(LJ) I/ {UPHILI+1)-1J
P H{LJY)

FRACILI=FHLI) + (DPF-UPHILI) J*(FH(LJ+1)-FHILJ) )/ (UPH(LJI+1)-UPHILJI))
UPPHIUIL)=DPF

60 T0O 79

CONTINUE

iL=1L-1

G0 TO 79

C AT THIS PJINT WRITE OUT ORDERED SGLUTIONS

68

69

70

IF (IM.F0.3) GD TD 72

WRITE (6469)

FORMAT {6Xe9PFREQUENCYs9X s 14HUELTAP FUEL/PC,6X+12HDELTAP JIX/PC)
IF (I%.EQ0.2) GO TO 71

WRITE (64 70) (FL(KL)JUPLIKL) +ACRL(KL) +KL=1¢NL1)

FORMAT (8XeO0PF5ale2Xs1P2E20.3)

61



71

72
73

14

15

16

77

68 T0 78

WRITE (6, 70) (FH{KL) sUPH(KL) sACRH{KL) +KL=1yN2})

GO TO 78

WRITE (6.73)

FORMAT (6Xs 9HFREQUENC Ye9X,14HDELTAP FUEL/PC,6X12HDELTAP JIX/PCyTX,
19 hFREQUENC Y« 7X» L4HDELTAP FUEL/PUsTXy12HDELTAP OX/PC)

ND=N1

IF (N1.GT.N2) ND=N2

ARITE {6 74) (FLIKL) JUPL{KL)ACRLIKL) »FH(KL) yUPH{KL)ACRHI{KL) KL=1

1. ND}

FORMAT {8X+s0PF5.1¢2X91P2E20.3+9Xs0PF5.142X21P2E20.3)
IF {(NI-N2) 75.78¢77

NF=N1+1

WRITE (€+,76) (FHIKL) 4UPHIKL)Y yACRHIKL) +KL=NEJN2)
FURMAT {64XeCPF5.1¢2Xe1P2E20e3)

GO TO 78

NE=NZ2+]

WRITE (6070) (FLIKL) ¢UPL{KL) +ACRLEKL) 9KL=NE,N1}

€ AT THIS PI1INT, VARIABLF AREA VALUES ARE SPECIFIED
78 TH#(JJ.EQ.O0) GO TO 88

79

¢ AT

J =2

K=K+1

YY=K

IJF (YY.6TL.8.) GO TO 80

IF {YY.FQ.1.) GO TO 87

APF=APF*YY/(YY-1.)

FFFl=tFF

GO TO 14

THIS PUINT. THE VARIABLE AREA VALUES OF CRITICAL OX REAL PART

C AND FREQUFNCY AT OPERATING FUEL PRESSUKE DKROP RATIOS ARE
C CONVERTED TO PROPER VARIABLES FOR URUERING AND WRITING

80

81

82

83

B4

62

TF {{IL.EQ.C).AND.{LIEQ.O)) GU TO 89
IF (ILL.EQ.O) GO TO 83
IF {(LI.EFQ.O0) GU TO 85
NO 81 T7=1.L1

UPL{IZ )=UPPLAIZ)
ACRLUTIZ)=ACCL(IZ)
FLETZ7)=FFLLILZ)

CONT INUE

N1=L1

[M=3

J.=0

DO 82 17=1.1L

UPHLUT7 )=UPPHI(IZ)
ACRHITZ I=ACCH(IZ)
FHUIZA=FFH(IZ}
CONTINUF

NZ2=1L

GO TO 53

DO 84 [7=1.01
UPLLIZd=UuPPLA(IZ)
ACRLLZ)=ACCLLTIZ)
FLUIZ)=FFLL17)
CONTINUE

N1=L1I

IM=1

JJ=0

GO Ta 53




85

86

87

88
89

C THE

o

DO 86 I7=1.1L
Uer({ 17 y=upPPH{IZ)
ACRH(IZ)=ACCHILIZ)
FHUTIZY)=FFH{1Z]}
CONT INUE

N2=1IL

IM=2

JJ=0

GO Ta s6
APF=.25%APF

GO TO 14

J=2

CONTINUF

SToe

END

SUBPROGRAM PVELG

FOLLOWING FUNCTION FITS PRIEMS PERLENT VAP VS. ELGEN CURVE
FUNCTION PP (ELGEE)

DIMENSTUN SC17)+ V(17)

DATA SU1)/.3/+5(2)/71.0/eS{3)/71.73/ ¢S{4)/2.557+5(5)1/3.42/¢516)/4.60
1/eS(7)/6.80/45(8)/8.00/+5(9)/8.807/+5(10)/12.20/+S(111/15.83/,5(12)
2/18.10/4,51013)/24.00/+5(14)/727.00/+5(15)1/32.00/s5(161/354337+S017H¥/
340.00/

DATA VU1 /140N 20726/ (3D /a38/9V{4)/a48/ 4V 5)/e56/.VID)/abG/,VH
171/.747VIBY/aT8B/oVI9)/eBO0/oVI10) /eBT7oV(LL)/ 91/ V(12)/a33/4VI(13)
27 2967eN(14)/eQ9T7/9V(15)/a98/4V(16)/2986/ V(LTI 99/

DO 1 T=1s16

TF ({S(I) oLEELGEE) AND< (ELGEE oL ToS{I+1})) GU TO 2

CONT INUE

PP=V{I)+(ELLEE-S{L1) I (VII+1)-VII))I/7(S{I+1)~-S{1))

IF (PP aGTea6S) PP=,99

R FTURN

FND

SUBPROGRAM TMC

C THIS MAP FITS THE EMPIRICAL MIXINS TIME CURVE

FUNCTION TM (COEFF)

DIMENSION S(6)e V(6)

DATA SU1)/e5/0S82)/71a0/+SU3) /1 a57eSUa) /1 o8B/ +S(5)/2.0/+5(06)/2.2/
DATA VU1V /7a15/74V 2173574 N 3)/aT/sV(&)/La0T5/+V(5)V/)aa/VI6)/1.9/
DO 1 I=145

IF ({S{1) oLECOEFF)ANDS (COEFF .LT.S(E+1))) GO TO 2

CONT INUE

TM=1oF=3%{VIT)+(COEFF-S{I))*R(VILI+1)=V(I))/(S(I+1}-5(1)}}

R FTURN

END

63



C THE

SUBROUTINE CSTRR

FOLLOWING SUBROUTINE COMPUTES C* FROM MCBRIDE DATA FOR SELECTED

C PROPELLANT COMBINMNATION WITH FUEL AT DESIGN POINT TEMPERATJRE

C THE

64

SUBROUTINE CSTRR {PCT.OF +CSTAASLUPE)

DIMENSION V{2.7)s CS1(2),s 55(2)

DATA V{1e1)/76992./eVI1e2)/70724/74sVI1431/7T153.7+VI{194)/715247eVI1,45
1) /7151 4/e VU146V /70427 4V L +T)L6934,./7

DATA V(211770274 /9V 223/ 7111 e/ oV {2430/T7195.7/+4VI244)/T7196.74V1(245
1)/7198./2 V2461770864 /9sVI2:.7)7/6973./7

IN=0OF/ .5

J=IN-7

Y =5*IN

I =4 1%Y

DO 1 I=1.2

CSUIIaVIT o) H(VII 341 )=-VIJ) ) *(0OF-2)1/.5
SSUI)=(V(Ted+1)-V{Ied)) /a5

CONTINUE

CSTAA=LSI 1)+ {CS(2)-CS(L)I*(PCT~-500.) 7/300.
StOPE=SS{1)+(SS(2)-SS{1))*(PCT-500.)/7300.

RETURN

END

SUBROUTINE RESXP

FOLLOWING SUBRODUTINE COMPUTES FLOX PUMP RESISTANCE
SUBRUUTINE RESXP {LL1eC2+yRHU«WO +PS+PO+SPEEDWRESUP)
DIMENSION VI 10}

DATA VIL)/ o626V 2)/261/7eVI3)/7e5957 9V 4)/ 5T/ sV 5/ 53/ 4VI5V/0a4T/ 4V
HHTIV/ e/ oVIB)/a31/eVI9)/a21/4¥(10)/.095/
DEPP=PU~-PS

CHNZ2=NEPP/C2/RHO/1728.%144.
PHN=448.86%C1/RHO*W0/1728.

CHPHZ2=CHN 2/ ( PHN Y &% 2

B0 5 i=2,10

7=1

F=V{I)-CHPH2¥{ (/l-1.)%,02)%%2

IF (F.GT.0.) GO TO 5

IFf (ABS(F).LF..001) GO TO 3

PN={7-1.0%.02

PP=(l~-2.0%.02

VN=V(T)

vP=v{Ii-1)

S={VN=-VP) /.02

PG=PP+.5%(PN-PP)

VG=VP+{PG-PP )*S

F=VG—CHPH2¥P G* %2

JF (AdS(F).LE..O00Ll) GO TO 4

IF (FaGTL0.) GO TO 2

PN=PG

VN=VG

GO TO 1

PP=PG




VP=VG
GO 1O 1
3 ChI=CHPH2* ((1-1.)%.02)%%2

S=(ViII-v{(I-1))/.02
GO TO 6
4 CHI=CHPH2#PG*%2
PHI=PG
GO0 10 6
5 CONT INUE
6 SPFED=448.86%C1/RH0/1728.,*W0/PHI
RESOP=-C1*C2*SPEED*3.,117+%5
R ETURN
END

PRINTOUT OF RESULTS FOR DUAL-ORIFICE CONFIGRUATION - EFFECT OF
FUEL AREA ON STABILITY LIMITS AT FULL THRUST

GaM{1) TK(1) wr(1) GAM(2) TK(2) wWr(2)
11691 4537, 19,015 l.lbub 4444. 18.900

PL el e Y E/E 0a At/c c* L* LFF A3 AF V3 PS “Z PCI THETAS
500.0 2. bnd. bE. 73.5 .CB46 .1054E-ul T7152.% 49.0 «965 1D.45 1.99 508.6 40.0 2149 576,31 I3.374--2%
Pl P OPF vPO LS50 LEF LGEN 244 TAJT FTENP M3R 0> Tauv 35 FTAM
03l.3 b54.49 C.?2%71 41001 0,769 24.4 55.4 4990 2.132E-)3 1344, 3.197 .0140 6.197E-04 «132C 3T
wiltp wlP /Wl AV UXGALN FUELGAIN SPEE VDX JXINJDPR JIXSP_ITD?R JX? JMPRES IXINIIND IXsZap DS
L.0506 u.1010 0.2150 4L.589 41.033 2.396E 04 5.003¢& 01 T.492E 01 2,225%€ 01 6. 7T7T1E-"3 3,631 0-"5 1.%%17 -0
(29 EU Wk NO F/t o9} AF/E Cx L* EFF L1t wF vo RS M2 PCT THETAS
5L0.0 3. 6R. bl 73.5 L0846 .2634t-02 T152.5 40.0 365 13.46 1.99 508.6 4.0 149 506,31 3,274:-3%
PU Pr OPF oPL LSO LEF LGEN PV TadT FTEMP MJIR opP TAUM Js FTAM
631.3 1736.7 2.4609 .1001 0.282 66.8 51.3 990 1.212E-23 1344. 12.789 .0l4) 6.584E-0¢4 «2320 <372
wie Wil / wu agv OXGALN FUELGAIN SPEEDOX AX INJDPR IXSP_ITD?R JXPYMPR:S IXIENJSTIND P IXMZAD
1.0%6 0.1010 0.215¢ 4Ca. 589 &l1.033 2.396E 04 5.003E 01 7T.492€ 01 3.225E 01 6. 7TTLE=C3  3,%4317-735 [,.%3]19-1%
PC FU  NE NU Fre [o]8) AF/E c* L* EFF a0 AF v PsS M2 PCI THETAS
500.0 3. 6H. 68, 73.5 L0B46 .5268E-C2 7152.9% 400 «365 1d.46 1.99% 508.5% 42.2 149 575.3 3,319%7-1a
(L8] PF uPr PO L50 LEF  LGEN PV TAUT FTEMP MUR D?> TAUMY Js FTAM
64143 977.48 0.9330 .1001 0.465 40.4 1.5 4390 1.559€-)3 1344. 6.394 .0140 6.438E-04 L7920 P73
wilp wUP /W0 AV OXGAIN FUELGAIN SPEEDOX IXINJUPR JXSP_1TD2R JIXPUMPRES JIXINJIIND IXIZAP JxMZae
1.0586 J.1010 0.215¢C 4C.589 4l.u33 2.396E 04 5.003E 01 T.492E C1 3,225E 0l 6. TTLIE-N3 3,%31°-03 1.%%t=-7>
PL EU NE NQ Fre Lo AF/E c* L* EFF AC aF vo Ps MC PC1 THET
500.0 3. 68. 08. 73.5 .0846 ,7901t-32 7152.5 432 <365 1) .46 1.99 508.6 40.) .149 505%.3 3,396
(4% PE nPF neq L50 LEt  LGEN (2% raJr FTEMP MIR D> TAauM Js ETAaM
631.3 75043 0.4881 1001 0.624 30.1 6842 .990 1.859E-03 1344, 4.263 .0140 6.312€-04 « 23920 «373
wu? wilP /Wi A0V OXGALN FUELGAIN SPEEDOX OX INJDPR AIXSP_ITD2R IXPUMPRES OXINJIND IX5CAP IKMIA2
1.05%50 0.1010 0.219C 4G.569 41,033 2.396E 04 5.003¢€ 01 7.4928 01 3,225€E N1 6. 771E-23  3,431:1-75 1.%%11-5
[{# FU  NE NU +/E va AF/E c* Lx EFF a0 aF L] S M eCct THETAS
500.0 3. oB8. 68, 73.5 .0846 .1053E-0t 7152.5 40.] «365 13.46 1.399 508.6 47.0 149 3539%5.3  3,2734E-D0%
(4% PF LPF DPO L50 LEF LGEN PV TAJT FTEMP MJR oP TAUM Js ETAM
631a.3 654.9 0.2671 .1001 0.769 24.4 55.4 «990 2.132E-)3 1344. 3.197 .014) 6.197E-04 2922 373
wip w(? /w0 AQV UXGAILN FUELGAIN SPEEDOX JIX[NJDPR JIXSP_ITD2R IXPJUMPRES OXINJIND JIXSCAP JxvZian
1.C56 0.1010 0.2150 40.589 41.033 2.396E 04 5.003E 01 T.492E 01 3.225€E 01 6. TT1E-03 3.63131-33 1.%%10-13
PC ED nNF NG F/E DO AF/E C* L* €FF A0 AF va 2s MZ PCIL THETAS
500.0 3. 68, 68, 73.5 L0846 1317c-Cl 7152.5 40.) «305 13.46 1.99 508.6 4020 4149 506.3  3.3945-D0%
[4¥) PF 0PF PO L50 LEF  LwEN (47 TAJT FTEMP MJR opP TAUM Js ETAM
631.3 6C2.6 C.1686 .1001 0.904 20.6 47.1 L9923 2.387E-03 1344, 2.558 ,.0140 6.090E-04 3920 «373
wip WP /Wl AQvV UXGALN FUELGAIN SPEEDOX OX INJDPR IXSP_1TD>R OXPUMPRZS IXINJEND JXSCAP DL 1
1.05%6 0.1010 0.2150 40.589 «l1.033 2.396E 04 5.203E 01 7.492E 01 3.225E nl 6.TTIE-D3  3,431I-75 la%%lE-"5
PC €0 ~NE NG r/E MY AF/E e e EFF AD AF vl »S w2 PLl TAETAS
500.0 2. 68. X% 73.5 40846 .1580F-01L 7i52.5 4040 «365 12.406 1.39 508.6 40,7 149 50663 3.374Z-3%
P Pr OPF vPU L50 LEF LGEN 4% TaJr FTEMP MIR D> TAuUM s CTAM
a31.3 577.1 0.1415 .10C1 1,032 18.2 41e3 4990 2.628E-J03 1344. 2.131 .0140 5.983E-04 0920 «373
wup WP /Wy AdV OXGAILN FUELGALIN SPEEDOX JX INJOPR IXSP_ITDaR JIXPJIMPIIS IXINJIND JIXsZap JXMZAD
1.0%6 a.1010 u.21i50 40.589 41.033 2.396E 04 5.003E 01 7.492E 01 3.225€ )1 6.TTIE-03  3,4%12-25 le%%17-25
PC E) NF NL F/E ua AF/E C* L* EFF A3 AF vl PS MT pPCl THETAG
500.0 3. b8. 68. 73.5 40846 .1844E-U1 7152.5 40.0 363 1).48 2.20 509.7 40,2 149 506.3 3.3743I-)%
Pu [ DPF oPu £ 50 LtE  LGEN (43 TAJT FTEMP MOR op TAUM Js ETAM
631.8 559.4 0.1061 .1005 l.156 16.3 36.8 L9387 2.857E-)3 1344. 1.827 .014) 5.891E-04 »3920 3273
wp Wil /wi AJV OXGALN FUELGAIN SPEEDOX JX INJDPR JIXSP_ITDPR OXPUMPRZS IXINJIND OXSCTAP JxMuca>
1.054 n.1010 0.2150 4C.502 40.946 2.397€ 0% 5.024E 01 7.524E O1 3.227€ 01 6.7TTLE-03 3.4%43132-33 1.%%1E-33

65




PC
500 .0
Pu
637.
wiip
1.0

66

EU  NF NG
3. b4H. bb.
Pr IPE
8 547.7 Q.C828
WU /)
62 J.1010

P EQUENLY
152.9
162.%
174.1
18K.7?
7058.2
226.9
25441
296.0

F/t 00

AF/E c* L¥

73.5 0846 L2107E-01 7152.5 40.)
LEF  LGEN (27 TAJT FTEMP
14.7 33.3 .983 3,075€E-23 1344.

oro LS50

.1013 1.277
AQV OXGALN
0.2150 40.338

JELTAP FUEL/PL
8.281t-02
1.061E-01
1.415E-01
1.986E-01
2.971E-01
4.bBIE-CL
9.330E-01
2.461€ OC

FUELGAILN SPEEDOX
40.780 2.402E 04

VELTAP OX/PC
2.389E-02
3.156E-02
3.990E~-C2
4.927E-02
6.058E-02
7.369E-C2
8.509E-02
Bebb6E-02

EFF 40

WF vo PS

359 13.52 2.00 511.7 40.0

OX INJOPR
5.063c 01

FREQUENCY
4l1l.6
434.7
451.0

MOR or Taun

1.599 0140 5.795E-04
IXSP_ITD2R JX2JMpes
7.583E 01 3.234€ 21

DELTA> FJEL/PZ
8.,281E-02
1,061€-01
le415£-01

MZ PCI THETAS
«149  505.3  3.3353-)%

35 Eram
2920 373
OXINJIND JIXSCAP IXMZa®

6, TTLE-03 3.4313-25 1.%%12-353

JELTAP 2X/PC
%4.%99E£-02
3.465%-02
1.921:z-02
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APPENDIX F

PROGRAM USERS GUIDE
Existing Program

A general description of the digital stability program was given in the text. The
purpose of this appendix is to describe, in more detail, the structure and operation of
the program. This appendix, together with the symbol list in appendix D and the com-
puter listings in appendix E, should serve as a guide in the use of the program. It
should be noted that the existing program uses only U. S. customary units. The use of
the gravitational conversion factor g is intended to simplify the conversion of the pro-
gram to the International System (SI) of units.

The program consists of a MAIN program, a curve-fit subprogram PVELG for com-
puting the fraction of oxidizer vaporized within a generalized length (ref. 8), a curve-fit
subprogram TMC for computing the gas-phase mixing delay (see fig. 3), a subroutine
CSTRR for computing the characteristic velocity and its partial derivative with respect
to mixture ratio, and a subroutine RESXP for computing the required pump speed and
pump resistance to satisfy the operating values of pump flow rate and pressure rise.

The MAIN program, in conjunction with the other subprograms and subroutines,
carries out the required steady-state and stability limit calculations. Figure 14 shows
a flow chart of the MAIN program. Statement numbers on the flow chart refer to corre-
sponding statements found in the listing (appendix E).

For the propellants and operating conditions considered in the example, the sensi-
tivity of the specific heat ratio, molecular weight, and combustion temperature in the
chamber to the mixture ratio is small. For this reason, values at the nominal mixture
ratio are read in as data for two values of chamber pressure (500 and 800 psia) using a
format described in statement 1. Linear interpolation is used in the MAIN program to
compute these variables at throttled conditions.

For the assumption of a gaseous fuel, supplied from a choked turbine and bypass
valve, only the fuel injection temperature and gas constant are required as input fuel
properties. For the oxidizer, the density, bulk modulus, viscosity, critical tempera-
ture, etc., are required.

Depending on the configuration to be studied, a set of operating conditions (full
thrust chamber pressure, mixture ratio, flows) are read into the program. For the
example, an index MM was used to identify the type of injector and associated conditions.

The next step in the program is the selection of the type of study to be performed,
that is, either throttling with a particular injector (JJ = 0) or varying the injector geom-
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etry (fuel area in the example) at fixed thrust conditions (JJ = 1).

For varying injector geometry, the existing program must throttle down from full
thrust to the desired thrust level before calculating the stability limits.

For each specified chamber pressure at the desired mixture ratio, the subroutine
CSTRR is called upon to compute the theoretical c*. For the full-thrust nominal-
geometry case, the combustion efficiency is computed from the specified chamber pres-
sure and flows, together with the calculated c*. For off-design conditions, a previously
calculated efficiency is used to compute the flow rates.

Using the calculated values of specific heat ratio, temperature, and molecular
weight, the chamber pressure at the injector face is computed from the specified value
at the throat. The injector face pressure allows one to calculate the injection velocities,
vaporization time delay, and performance loss due to incomplete vaporization (state-
ments 14 and 17). For the full-thrust, nominal geometry case, a performance loss due
to incomplete mixing is inferred from the specified overall efficiency and the calculated
vaporization loss. For off-design conditions, the mixing loss is assumed equal to the
full-thrust value and the overall efficiency is computed and compared with the previously
assumed value. If an error exists, the flows are readjusted and the velocities, vapori-
zation time delay, and performance loss due to incomplete vaporization, are recomputed.
A suitable mixing model, if available, could be inserted into the program to compute the
mixing loss and overall efficiency for all operating conditions.

System pressure drops are then computed. For the dual-orifice case, the second-
ary (axial) restriction size is adjusted at reduced thrust levels to give a flow split that
satisfies a specified vortex characteristic. For the example studied, the characteristic
used was fit by the following equation:

) 2
w P P
sec _ < Opd> +4.52_°Pd 1 1959 (F1)

WO PSGC PSGC

Linearized resistances, inductances, and capacitances are then calculated at each
operating point (statement 20). The subroutine RESXP is called to compute the re-
quired pump speed and pump resistance. The pump characteristic (gbp as functioning
gop) must be supplied by the user. For the example, values of gl/p (CHI) were read in
for a range of ?p (PHI), from 0 to 0. 18 in steps of 0.02. The subroutine RESXP uses
linear interpolation to determine the speed required to satisfy the operating values of
flow, discharge pressure, and inlet pressure. At this point, the operating point values
are written out (see appendix E).

For the case of throttling at constant fuel injector area (JJ = 0), the next step is
the assumption of a chugging frequency or range of frequencies to be investigated (state-
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ment 27). Experience has shown that a lower frequency band extending from about
3.5/r Hz (where 7 is the sum of the oxidizer vaporization time, gas-phase mixing de-
lay and the gas-residence time in ms.) toabout 4. 0/7 hertz and a higher frequency band
extending from about 8.7/7 to 12. 0/7 hertz will generally enclose the solutions of inter-
est. Depending on the configuration and operating conditions, solutions in either or both
bands may be found. For the examples studied, the solutions occurred at frequencies
quite close together. For this reason, a frequency increment of 0. 1 hertz was selected
in both frequency bands.

At the selected frequency, the coefficients of the second-order equation (28)are cal-
culated. First, the first- and second-order coefficients are determined. Then, the
computer evaluates the real and imaginary parts of the oxidizer feed system impedance
(appendix C). Using the imaginary part, the zero-order coefficient is computed (state-
ment 32). Equation (28) is then solved for the critical values of the real part of the oxi-
dizer feed-system impedance. If the solution(s) result in a negative value for the injec-
tion orifice resistance, frequency is incremented and the calculations are repeated. For
positive, real values of the oxidizer injection-orifice resistance a’', the corresponding
values of the fuel-injector resistance .@% are calculating using equation (29). Again,
only positive, real values are of interest,

At each frequency where acceptable values of a' and #; are found, the resistances
are converted to critical pressure drop to chamber pressure ratios (APlO/P and
(APlf/P )' using equations (57) and (58). These values, together with frequency, are
stored (statement 44). After the desired range(s) of frequency are covered, the stored
sets of values are sorted in order of increasing values of (Z—l;if/ﬁc)' (statement 147).
This choice is based on experience with these configurations where boundaries may have
double values of (Eif/i;c)' for a selected value of (_A_lgio/fc)'. The ordering of points
makes it possible to use existing computer plot routines and also makes it easier to read
the computer output (see appendix E). At this point, the sets of points are written out
(statement 68). The procedure is then repeated at the lower thrust levels.

A similar procedure is followed for the fixed-thrust, variable fuel area case. How-
ever, the dynamic portion of the program is not used until the system is throttled down
from full-thrust conditions to th(i_desired —ﬁc level. The dynamic portion of the pro-
gram is then run at the desired PC and the specified mixture ratio. For the nominal
fuel area, a set of boundary points is obtained in either the low-frequency range (state-
ment 60), the high-frequency range (statement 62), or both (statement 64). Since the so-
lutlons are obtained using the delay values corresponding to the operating value of
AP, f/P interpolation is used to determine both the frequency and (APlO/P }' corre-
sponding to (AP, f/P ) = APlf/P This set of points is then stored. The fuel area is
then changed and the procedure is repeated. After the desired range of areas has been
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covered, the resulting sets of points are sorted in order. of increasing (APif/Fc)' (see
statement 80). The results are then written out (statement 68).

Modification of Existing Program

The digital program, as described previously, is set up for a gaseous methane,
liquid-flox propellant combination operating in an expander type cycle. The program
is, however, capable of generating stability limits for any propellant combination or
engine configuration desired. The following section is intended as a guide in changing
the existing program to serve one's individual needs.

Changes in the propellant combination can be conveniently handled if the required
input data are available. For other gaseous-fuel liquid-oxidizer combinations, changes
in the fuel gas constant, fuel-injection temperature schedule, oxidizer properties, and
combustion properties are required. The case of a liquid-liquid propellant combination
can be handled if the following points are considered:

(1) A1l input data now supplied for the oxidizer are supplied for both propellants.

(2) Two pump characteristics are supplied with their corresponding subroutines for
speed and resistance calculations.

(3) Both feed systems are represented by impedance which are made up of resis-
tances, inductances, and capacitances. This representation will probably result in a
more complicated form for the real and imaginary parts of the fuel feed-system impe-
dance. Transformation of the critical values of the real part to pressure drop ratios
will involve subtraction of frequency-sensitive terms as is now done with the oxidizer.

(4) Drop sizes must be computed for both propellants. Constant drop sizes, based
on injector geometry (ref. 8), or other suitable correlations must be used.

(5) Computation of effective lengths, vaporization time delays, percent vaporized,
etc. , must be made for both propellants; this will require double useage of the gener-
alized length-percent vaporized curve.

(6) Computation of the vaporization efficiency (ETAV) must be made using equa-
tion (52) in reference 8. 1In this report, equation (53) in reference 8 is used for the case
of a completely vaporized fuel.

(7) The solution of the characteristic equation and the generation of stability limits
can be accomplished by redefining the following terms: THETAM =W * (TAUM
+ TAUVO), THETAV = W * (TAUVO - TAUVF), and THETAT = W* (TAUM + TAUVO)
where TAUVO and TAUVF are the oxidizer and fuel vaporization times, respectively.
TAUM is the gas-phase delay as previously defined. The vaporization delays must be
computed separately.
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Different feed- system configurations (valves, orifices, lines, etc.) require changes
in the section used to compute the real and imaginary parts of the feed-system impe-
dances. In addition, the steady-state pressure-drop calculations must be adjusted. For
the impedance calculations, the techniques described in appendix C should be used to set

up the reduction equations in the program.
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